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ABSTRACT 
This study developed a set of techniques to assist the decision-making process in 
agricultural watershed management As local governments develop water reservoirs for 
water storage and use, there is need to accurately forecast not only the amounts of runoff 
going into reservoirs, but also the patterns and potential quantities of peak flow. Major 
components of the study involved the acctirate modeling of the hydrology of an agricultural 
watershed, the enhancement of the presentation of simulated hydrology results to decision­
makers, and the exploration of alternative management options in an agricultural watershed. 
The objectives of this study were to: (1) evaluate the performance of a distributed-parameter 
hydrologic model to simulate daily runoff of an agricultural watershed, (2) visualize the 
simulation results generated by the model from observed data, and (3) use the visualization 
procedvires developed to examine scenarios of impacts of alternative land management 
practices on the streamflow from an agricultural watershed. Geographic information systems 
(GIS) techniques were used to prepare input data for the Precipitation and Runoff Modeling 
System (PRMS) to simulate surface hydrology of an agricultural watershed. Results from the 
simulation were then used as input for a dynamic visualization process. The visualization 
procedures developed in this study assisted in the examination of different scenarios of 
streamflow resulting from alternative land management practices. New procedures were 
developed for the evaluation, application and visualization of results of a widely used 
hydrologic modeling system. 
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CHAPTER 1 
GENERAL INTRODUCTION 
Overview 
Accurate prediction of streamflow and surface runoff in complex watersheds and 
drainage basins is becoming urgently necessary. This is because of the potential for flood 
damage and the increasing concern about the adverse effects of non-point source pollution on 
surface water quality. This study evaluated the perfomiiance of a precipitation and runoff 
model in an agricultural watershed, developed procedures to visualize simulation results from 
the model, and visualized results of simulations of different land management scenarios. 
Thus, a distributed-parameter hydrologic modeling system was used to simulate surface 
runoff from a watershed in east central Iowa. A geographic information system (GIS) was 
used in input data preparation. The results from the simulation model were then used as 
input to a visualization process. The visualization process developed in this research was 
used to display simulated streamflow resulting from different land management practices. 
Through visualization of modeling results, decision-makers can obtain improved 
understanding of phenomena and, hopefully, make more informed management decisions. 
Watershed Hydrologic Modeling 
The computer modeling component of the research focused on the Precipitation 
Runoff Modeling System (PRMS) developed by Leavesley et a/.(1983). Previous studies 
that used PRMS have been confined mainly to watersheds under silviculture or in 
mountainous regions. The model has not been used previously to simulate surface runoff of a 
watershed whose vegetation is primarily row-crops. Thus, there was a need for the model's 
performance to be evaluated for agricultural watersheds. The Clean Water Act and the 
National Environmental Policy Act make it imperative to assess how land management 
activities influence the environment (Risley, 1993). This study focuses on how surface-
hydrology modeling results can help identify alternative management practices relating to 
streamflow in a watershed. 
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Human factors are the primary control on the status of surface cover, which is a 
critical factor influencing infiltration and surface flow. Increased vegetation cover can lead 
to higher interception of precipitation (Schwab et al.^ 1992), which enhances infiltration and 
reduces runoff. Newson (1994) emphasizes that there is need to investigate the potential 
impact of landuse and landcover changes on streamflow. 
Analysis of the effects of different land management practices on surface runoff and 
streamflow would help evaluate the impact of ^riculture on a watershed. Similarly, 
visualization of the spatio-temporal dynamics of surface hydrology can enable decision­
makers conceptualize and synthesize the different potential impacts of improper landuse and 
develop sustainable land management policies. 
Brooks et al. (1991) state that while hydrology may be an essential component of 
watershed management, there is a need to recognize land productivity and sustainability as an 
integral part of watershed management. Hence, watershed management has to incorporate 
the sustainability of land and vegetation resources to be managed for the production of goods 
and services. Changes in vegetation can alter streamflow, and excessively high soil erosion 
rates affect sediment flow, and water quality. With a clear perspective, hydrologists and 
water resource planners should be in a position to plan and develop long-term sustainable 
solutions to many natural resources problems. A well-designed watershed model should 
enhance the abilities to identify and quantify the benefits associated with watershed 
management. Effective land management practices should be helpful in mitigating any 
undesirable effects resiilting from himian activities. 
An effective precipitation-runoff model should predict accurately the effects of 
vegetative canopy on surface runoff. Brooks et a/. (1991) identify the factors influencing the 
intensity and amount of precipitation reaching the soil surface. Most important among these 
factors are the type, areal extent, and condition of the vegetation. Interception is also critical 
in delaying through-fall and reducing raindrop energy, which in turn influence sediment 
detachment. Therefore, the characteristics of the canopy can exert some influence the 
magnitude of surface runoff. 
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Early models developed for simulating surface runoff in watersheds were mainly 
lumped, meaning that the surface parameters were averaged over the watershed with little 
regard to spatial heterogeneity and variability. For example, the spatial variability of the 
vegetation cover type, canopy stratification or layering, or the storage capacity of plant litter 
affects the total interception loss for a watershed. Spatial variability of canopy is mainly 
factored in as the proportional cover of the vegetation on a unit area, which relates to 
evapotranspiration. Natural field soils encompass considerable spatial variability in their 
properties within a given type. An efScient hydrologic model should incorporate spatial 
variability. This helps to determine the runoff more accurately and accounts for the effects of 
terrain. This is why there is need for distributed-parameter models. The idea was succinctly 
summarized by Szollosi-Nagy et al. (1987) who stated : "the spatially variable nature of 
dynamic systems and the complexity of processes will be increasingly reflected in semi-
distributed or distributed-models." 
An important factor in the soil-water balance of a watershed is evapotranspiration. 
The evapotranspiration rate influences the watershed's total runoff by affecting the 
antecedent soil-moisture conditions of a watershed. Soil and air temperatures, solar 
radiation, wind speed, relative humidity and the type and rooting system of prevailing 
vegetation, influence evapotranspiration. Brooks et ar/. (1991) report that studies conducted 
throughout the world have demonstrated that aimual streamflow volume changes when 
vegetation amount or type is substantially altered in a watershed. Water yield will vary when 
tree vegetation is removed, or converted from deep rooted to shallow rooted species, or 
changed from high to low interception species. Agricultural cropping makes it possible to 
vary interception and evapotranspiration, as crop rotation can change the species type, 
rooting depth, transpiration patterns, and the aimual water needs cycle. The different plant 
growth stages in agricultural crops imply a constant change in water requirement throughout 
the year. 
Modifications of land cover can drastically alter watershed hydrology. Possible 
hydrologic effects include an increase in peak discharges during periods of high rainfall 
events, as well as an increase in the frequency of floods (Dimker et al., 1995). To address 
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this issue, planners and engineers need accurate hydrologic data to quantify the magnitude of 
flooding. The surface hydrology of a watershed relates to the amount of surface runoff, 
which implicitly relates to water quality. As a preamble for the study of the relation between 
water quality and landuse activity, there is a need for accurate representation of surface 
runoff volumes and peak-flow rates (Woodside, 1994). Belval et ai (1994) point out that 
field measurements indicate a correlation between stream water quality and streamflow. 
Thus accurate prediction of streamflow is needed to accurately predict water quality. 
Choice of an Appropriate Hydrologic Model 
Different models have been developed to address specific needs, such as flood 
forecasting, and characterization of water qiiantity and quality. For this study, several models 
were evaluated and the most appropriate model was selected. Selection of an appropriate 
model was influenced by computer hardware and auxiliary software availability. After 
considering different options, the two models identified as appropriate were THALES 
described in Moore et al. (1993) and the Precipitation-Runofif Modeling System (PRMS) 
described by Leavesley et al. (1983). The two models perform similar fimctions: they divide 
the watershed into discrete functional uinits whose hydrologic response is uniform across the 
unit. Between the two models, PRMS was foimd to be the more appropriate model for the 
study. For example, PRMS is designed to account better for the effects of snowmelt on 
runoff, and presented more flexibility in the treatment of evapotranspiration as well as other 
hydrologic processes. In the incorporation of spatial variability it required less spatial units 
than THALES, and hence, is more convenient for data storage. The flow routing 
mechanisms are also superior, and the model generally contains routines for optimization and 
sensitivity analyses. 
The Precipitation-Runoff Modeling System 
PRMS is a modular, physically-based, and distributed-parameter model developed to 
evaluate the effects of different combinations of weather, soils, landcover and landuse on the 
runoff response watersheds. The model divides the watershed into spatial imits called 
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hydrologic response units (HRU). The model is deterministic and simulates water balance 
relationships, flow regimes, flood peaks and volumes, sediment transport, and groundwater 
recharge. The input parameters required by PRMS include daily values of minimum and 
maximum temperatures, precipitation firom rainfall and snow, as well as solar radiation. In 
addition to these, the physical characteristics of each HRU are also defined as input (see 
Table 1.1). Daily climatic data can be extrapolated for each HRU using a set of user-defined 
adjustment coe£5cients developed from regional climate data. Three procedures are available 
to compute potential evapotranspiration (PET) (Leavesley and Stannard, 1990a). These are: 
(1) a procedure that uses daily pan-evaporation data and a monthly pan-adjustment 
coefiRcient, (2) the Hamon equation (see appendix) which computes PET as a function of 
daily mean air temperature and total hours of sunshine and (3) the Jensen-Haise (see 
appendix) equation that computes PET using air temperature, solar radiation, elevation, vapor 
pressure, and type of vegetation cover. The choice of a procedure is dictated by the 
availability of data. In this study daily minimum and maximiim air temperature data were 
available, while solar radiation data were incomplete; thus the Hamon equation was used to 
compute the PET. 
PRMS has undergone various modifications and refinements. The original version of 
the model was derived from two previous developed models; the Mountain Watershed 
Simulation Model (Leavesley, 1973), and the Distributed Routing Runoff Model (Dawdy et 
al., 1978). Since its development in the early 1980s, PRMS has been utilized for various 
studies of surface runoff (Parker and Norris, 1989; Fontaine, 1989; Bower, 1985; Gary, 1984; 
Carey and Simon, 1985). Leavesley and Striffler (1979) used PRMS to assess the impact of 
snowmelt on total runoff. Interest in global climate change has further necessitated the 
application of the model to assess the impact of variable rainfall and temperature regimes on 
streamflow. Leavesley et al. (1992) used PRMS to assess various scenarios of global change 
on surface runoff. PRMS has also been used to study the possible effects of deforestation on 
surface runoff in Oregon (Allen and Laenen, 1993; Risley, 1994). Apart from silviculture, 
the effects of other agricultural activities on annual streamflow have not been studied by 
PRMS. 
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Table 1.1 Definition of PRMS input parameters 
Parameter Description 
COVDNS Summer cover density for major vegetation for each HRU(decimal %) 
COVDNW Winter cover density for major vegetation for each HRU (decimal %) 
CTS Monthly evapotranspiration coefiBcients 
GSNK Coefficient to compute seepage from each groundwater reservoir to 
groimdwater sink 
GW Storage in each groundwater reservoir 
ICOV Vegetation cover type for each HRU (0=bare, l=grasses, 2=shrubs, 3=trees) 
IMPERV Percent impervious area for each HRU (decimal percent) 
IPET Potential evapotranspiration switch (0=Jensen-Haise, l=Hamon, 2=use pan 
data) 
ISOIL Soil type for each HRU (l=sand, 2=loam, 3=clay) 
ISSRl Surface runoff method switch (0=linear, l=nonIinear) 
RGB Routing coefficient for each groundwater reservoir 
RCF Linear routing coefficient for each subsurface reservoir 
RCP Nonlinear routing coefficient for each subsurface reservoir 
RECHR Storage in upper part of soil profile where losses occur as 
evapotranspiration 
REMX Maximum value of RECHR for each HRU (inches) 
RES Storage in each subsurface reservoir (acre-inches) 
RESMX Coefficient for routing water from each subsurface reservoir to groundwater 
reservoir 
RETIP Maximum retention storage on impervious area for each HRU (inches) 
REXP Coefficient for routing water from each subsurface reservoir to groundwater 
RNSTS Interception storage capacity of imit area of vegetation for rain during sxmimer 
period, for each HRU (inches) 
RNSTW Interception storage capacity of unit area of vegetation for rain during winter 
period, for each HRU (inches) 
RSEP Seepage rate from each subsurface reservoir to groundwater reservoir (inches 
per day) 
RSTOR Retention storage on impervious area for each HRU 
SCN Minimum contributing area for surface runoff when ISSRl =0 or coefficient in 
contributing area-soil moisture index relation when ISSR1=1 
sex Maximum possible contributing area for surface runoff as proportion of each 
HRU 
SCI Coefficient in surface runoff contributing area-soil moisture index relationship 
SEP Seepage rate from soil moisture excess to each groundwater reservoir (inches 
per day) 
SMAV Daily available water in soil profile for each HRU (inches) 
SMAX Maximum available water holding capacity of soil profile for each HRU 
(inches) 
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Several ^>proaches have been suggested that utilize GIS tools in delineating HRUs 
for PRMS application. Leavesley and Stannard (1990a, 1990b) presented a polygon-<}IS 
approach, ^iiile Battaglin et al. (1993) presented a grid-GIS ^jproach. In the polygon 
approach, the watershed is partitioned into polygons, each defined to be a distinct spatial unit 
In the grid approach, a set of grid squares is considered to constitute a HRU and a weighted-
average parameter is computed for each HRU. In PRMS, the hydrologic characteristics of 
each spatial unit are considered and entered as parameters. Characteristics sometimes 
considered are slope, aspect, elevation, vegetation type, soil type and distribution of 
precipitation. The partitioning criterion is neither standard nor automatic, but requires the 
modeler's intuition in defining the HRUs. The sum response of each HRU, weighted on a 
unit area basis, provides the daily system response and streamflow from watershed. Daily 
runofif from precipitation on a pervious snow fi^ HRU is computed using a contributing area 
concept (Dickinson and Whiteley, 1970). 
PRMS is designed to simulate continuous (daily) and storm-event runoff, which are 
presented as options where choice is determined by whether precipitation data is available as 
breakpoint data (in time steps of several minutes for a storm event) or as daily data step. In 
this research the daily precipitation option was used to simulate streamflow for a time period 
of one calendar year. The watershed was partitioned into 22 HRUs, for the simulation. 
Leavesley (1983) explains that PRMS is designed as a system of modules that 
provides the desired flexibility and data management capability for the incorporation of user-
specific requirements. The design and development of the modeling system allow it to: (1) 
simulate mean daily flows and shorter time-interval storm-flow hydrographs for any 
combination of meteorological and physical characteristics data, (2) provide capabilities for 
system enhancement, (3) provide sensitivity analysis capabilities, and (4) provide a data-
management capability that is compatible with the United States Geological Survey's 
WATSTORE system. The input and output data for PRMS are managed by a USGS 
watershed management system ANNIE (Lumb et al. 1990). Figure 1.1 shows the schematic 
representation of the PRMS modeling components and the relationship between PRMS and 
its data mam^ement system. 
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Figure 1.1 PRMS System Components, 
(after Leavesley and Stannard, 1992) 
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The conceptual watershed system is comprised of a series of reservoirs, whose 
outputs are combined to produce the total system response (Figure 1.2). Precipitation inputs 
are in the form of rain, snow, or both. Initial precipitation is reduced by interception, and 
whatever remains is treated as the net precipitation amount Temperature and solar radiation 
are the energy inputs that drive the processes of evaporation, transpiration, sublimation and 
snow melt- The reservoirs are the impervious zone, soil zone, subsurface zone, and the 
groundwater zone. 
Visualization of Hydrological Processes 
Visualization of Natural Phenomena 
Technological developments in the field of information technology are providing 
scientists with powerful tools to analyze, visualize, and display data. Orland (1992) reports 
that user expectations of data output have evolved to the point where ease of use and clarity 
of interpretation are very critical. The role of visualization in the presentation of model 
results helps to convey the impact of alternative man£^ement plans and landuse scenarios. 
White et al. (1996) report that developments in computer mapping and analysis have 
provided the means to accurately analyze hydrologic data sets, such as streamflow and 
precipitation measurements over extended periods of time. White et al. (1996) also reported 
an ongoing investigation on different methods of visualizing temporal aspects of floods. 
They considered three methods: (1) color-coding of stream networks, (2) iconic 
representation of flow by dynamic symbols whose velocity varies with the rate of 
streamflow, and (3) variation in the representation of stream channel thickness. They 
selected the 1993 United States Midwest floods as the case study for system implementation 
and generated a series of maps representing floods. They concluded that maps, though 
comprehensible to people who imderstand GIS, needed to be adapted to a form available to 
the public. This study developed visualization procedures intended to visualize hydrologic 
phenomena to decision-makers. 
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Figure 1.2 Conceptual Watershed System 
(after Leavesley, 1983) 
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Visualization and GIS 
The visualization procedures embodied in this study reflect one dimension of graphics 
discussed by Ganter (1994): exploratory graphics. Exploratory graphics portray the 
information generated from numerical simulations or other modeling, especially where there 
is a need to simplify the presentation or render it less ambiguous or more convincing. Ganter 
(1994) states "These graphics usually mimic the appearance of the object or process being 
studied, and are often dynamic, showing behavior over time." This study generates a product 
that presents results in a maimer simple and less ambiguous than charts or graphs. 
When designing a visualization one must determine what phenomenon needs to be 
displayed, and also the form of presentation, so that the defined cognitive tasks can be 
achieved. It is necessary to rationally address the relationship between the communication 
objectives and the nature of the display within a user-centered, cognitive ergonomics 
framework suggested by Turk (1994). A major cognitive task considered in this study was 
phenomenon change visualization. This means that the visualization depicts phenomenon 
change over some specified time period, with an adjacent legend indicating the rate of change 
of a simulated variable with time. 
While developing the visualization, there was also a need to develop a system close to 
"realism." Such "realism" is defined as bearing resemblance to the visual appearance of the 
"physical terrain" (a landscape surface) and "physical entities" (in this case the stream). The 
visualization product generated in this study was intended to explain the results of the model 
simulations. Bishop and Leahy (1989) contended that as decision-making became 
increasingly an exercise in public consultation and compromise, decision-support would 
require that all aspects of a project be clearly understood by the public. A visualization 
technique that transcends skill, experience, and awareness levels should also reduce the scope 
for differences of opinion brought on by differences in interpretation. In enhancing the 
"imagery" for decision-makers, there is the ever-prevailing need for "realism." "Realism" 
becomes difficult when the visualization developer has to visualize complicated phenomena. 
Several criteria have to be satisfied. To attain this goal: (1) the shape of the graphic product 
should be easy to recognize, (2) attributes in the foregroimd must not dominate the nature of 
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the background (landscape surface) itself and (3) additional attributes should be 
'Visualizable." 
Scope of Research 
This study sought to develop a set of procedures to assist the decision making process 
in agricultural watershed management. The research's major components involved: (1) 
accurate modeling of the hydrology of an agricultural watershed, (2) enhanced presentation 
of simulated hydrology to decision-makers, and (3) the exploration of alternative 
management options available. The study focused on the role of streamflow as a major 
indicator of a watershed's hydrology. 
Study Objectives 
The objectives of this study are to: 
1. Evaluate the performance of a widely used distributed-parameter model in the simulation 
of the surface hydrology of an agricultural watershed. 
2. Develop a technique to visualiTe and enhance understanding and presentation of the 
modeling results using current management practices. 
3. Examine the effectiveness of alternative watershed and management practices through the 
use of the simulation model and visualization. 
Research Plan 
In this research, data from the Four-Mile Creek watershed in east central Iowa, were 
used to achieve the three objectives. Studies by Johnson and Baker (1980) generated the data 
that were used as inputs to the model and for model calibration and validation. These data 
were combined with relevant data from other sources to evaluate the performance of PRMS 
in predicting the hydrologic conditions of the watershed. GIS techniques were used to 
assemble, organize, and manipulate watershed data for input in the modeling system. 
Elevation data for Four-Mile Creek was used to generate a digital terrain model (DTM), and 
results from the model were then "draped" onto the DTM. Visualization was achieved using 
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GIS and animation done by visualization software accessed from the UNIX interface of a 
Silicon Graphics Inc. (SGI) platform. Modeling results showing the impacts of alternative 
land management changes on surface runoff were visualized using the developed procedures. 
Dissertation Organization 
This dissertation comprises of three papers, each of which address one of the three 
research objectives. The first paper entitled "Implementation of a Precipitation-Runofif 
Model in an Agricultural Watershed " is to be submitted to the Journal of Hydrology. The 
second paper entitled "Visualization of Simulated Surface Runoff of an Agricultural 
Watershed" is to be submitted to the Transactions of the American Society of Agricultural 
Engineers (ASAE). The third paper entitled "Impacts of Alternative Land Management 
Scenarios on Surface Hydrology " is to be submitted to the Journal of the American Water 
Resources Association. All papers have an abstract, introduction, methodology, results and 
discussion, conclusions and references. These papers are followed by a general conclusion 
for the entire research. 
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CHAPTER! 
EVALUATION OF PERFORMANCE OF A PRECIPITATION-RUNOFF 
MODEL APPLIED TO AN AGRICULTURAL WATERSHED 
A pq}er to be submitted to the Journal of Hydrology 
F. L. Namwamba, U. S. Tim, C. E. Anderson, and R. S. Kanwar. 
ABSTRACT 
The performance of a distributed-parameter model, the Precipitation and Rimofif 
Modeling System (PRMS), was evaluated for an agricultural watershed in east central Iowa. 
Observed hydrologic data from 1978 to 1980, derived from a study by Baker and Johnson 
(1980), were used for the purposes of model calibration and validation. Calibration from the 
1978 data was accomplished in a three step process; (1) the model was calibrated for a 
subwatershed; (2) the parameters were transferred and tested on a different larger subsection 
of the watershed; (3) parameters were readjusted, then used again in re-calibrating the first 
subwatershed; and (4) after the parameters performed satisfactorily for the two subwatersheds 
they were applied to the whole watershed. Even though PRMS predicted total annual 
streamflow reasonably, in certain cases the model over-predicted or under-predicted 
depending on the time and circumstances at the time of the year. After calibration, 
calibration results were compared with data for 1979 and 1980. The model generated outputs 
that were statistically evaluated to be in reasonable agreement with observed data. 
Throughout the study geographic information systems (GIS) proved to be a useflil tool in 
distributed-parameter modeling. 
INTRODUCTION 
The characterization of water balance during major flooding events is useftil to 
scientists, land-use planners, and public agencies who need such information to develop 
strategies to cope with future floods (White et al, 1996). Streamflow rates and volumes have 
a direct effect on the day to day lives of humanity. The flow-rate of streams is related to 
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floods, erosion potential, and agricultural non-point source pollution. Whereas increased 
erosion and agricultural chemical losses are unintended side effects of the highly productive 
agricultural systems, research has demonstrated that management practices can be used to 
help control these undesirable effects. These practices have to be effective and technically 
feasible, as well as socially and economically acceptable. It is therefore necessary for 
decision-makers to improve their understanding of issues related to streamflow, and more so 
whenever streamflow relates to agricultural practices. 
Several types of mathematical models have been developed to address different water 
management problems. These models fail into two primary categories: stochastic and 
deterministic.. Stochastic models, on the other hand, utilize statistical methods and the laws 
of probability to predict events. Deterministic models are those with specific initial 
conditions, boundary conditions, and an output known with certainty. Deterministic models 
are of two types: lumped-parameter models and distributed-parameter models. 
Lumped-parameter models treat the whole watershed or a big portion of it, as one 
spatial unit. Several Iimiped-parameter models have been applied to small agricultural 
watersheds. Among these models are the USDAHL74 Model (Holtan et al. 1975) as well as 
the SCRAM model (Bailey, 1975; Adams and Kurisu, 1976). The Hydrologic Simulation 
Program - FORTRAN (HSPF), is an adaptation of the Stanford Watershed Model (an earlier 
version) in FORTRAN and is more versatile and comprehensive (Leytham and Johannson, 
1979). Indeed, HSPF has been used to study impacts of agriculture on the Four-Mile Creek 
watershed (Donigian et al, 1984). With the advent of geographic information systems (GIS), 
it is no longer necessary to rely on lumped-parameter models. Instead, nimierous distributed 
parameter models have been used to characterize and simulate watershed processes. 
Distributed-parameter modeling involves dividing the watershed into smaller spatial 
units with uniform characteristics for each unit. The spatially variable hydrologic processes 
are considered at various points in the study area. The total output of the watershed is the net 
contribution from each spatial unit Rogers et al. (1987) report that distributed-parameter 
models are preferred over lumped models due their more realistic output. Examples of 
distributed parameter models are the Agricultural Nonpoint Source Pollution model 
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(AGNPS) described by Young et al. (1987) and the Soil and Water Assessment Tool 
(SWAT) described by Arnold et al. (1998). The distributed-parameter model selected for 
this study is the Precipitation and Rimofif Modeling System (PRMS) developed by Leavesley 
etal. (1983). 
The primary objective of this study was to evaluate the performance of the 
Precipitation-Runoff Modeling System (PRMS) model in the simulation of the surface 
hydrology of an east-central Iowa agricultural watershed. This study describes the process 
used to determine the important rainfall-runofif characteristics for the Four-Mile Creek 
watershed, and presents the results from the configuration and calibration of PRMS in the 
watershed. Specifically the study involved: (1) development of a spatial database for use in 
the modeling study, (2) the use of GIS techniques to generate and organize input parameters 
for model application, and (3) evaluation of the predictive capabilities of the model through 
calibration and validation. 
METHODOLOGY 
Biophysical Modeling 
PRMS is a process-based, distributed parameter rainfall-runoff modeling system 
designed to analyze the effects of various combinations of climate, landuse, land cover and 
terrain on streamflow, sediment transport, and general basin hydrology (Leavesley et al., 
1983). The model was originally developed to examine surface hydrologic characteristics in 
the mountain areas of the westem United States. In subsequent years its use has been 
extended to characterize the hydrology of forested watersheds. 
PRMS has been used to simulate streamflow from several watersheds. Dinicola 
(1990) used PRMS to define regional parameters for the forested areas in Oregon. Allen and 
Laenen (1993) used the PRMS to analyze hydrologic cumulative effects for three Oregon 
coastal watersheds. Their objectives were to present interim calibrations and verifications of 
rainfall-runoff models for three basins in Oregon, evaluate streamflow responses from 
changes in model parameters that represented changes in forest resource management and to 
evaluate the transferability of model parameters between the three modeled basins. 
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Leavesley et al (1983) outline the methodology and components of PRMS. The 
model divides the terrain into spatial units whose hydrologic response is assumed to be 
uniform across the unit The model then simulates the impacts of various combinations of 
climate, landuse and terrain on streamflow. PRMS is a deterministic distributed-parameter 
model that simulates water-balance relationships, flow peaks and volimies, soil-water 
relationships, sediments and groundwater recharge. Inputs required by the model include 
daily values of minimum and maximimi temperatures, daily precipitation from snow and 
rainfall, and daily solar radiation. 
To apply the model the watershed must be partitioned into homogeneous units on the 
basis of slope, aspect, elevation, vegetation type, and soil type. The partitioning criteria are 
neither standard nor automated. The user has to define the basis for the selection of the 
physical characteristics. The resulting units, referred to as Hydrologic Response Units 
(HRUs) have a uniform hydrologic response. Each HRU requires input values for slope, 
aspect, elevation, vegetation type, and soil type. Water balance and energy balance are 
computed for each HRU. The sirai of responses of all HRUs, weighted on a imit area basis, 
produces the daily system response and streamflow from the watershed. For storm 
hydrograph simulation the watershed is conceptiialized as a series of interconnected flow-
planes and channel segments. Surface runoff is routed over the flow planes into the channel 
segments and channel flow is routed through the watershed channel system. 
PRMS predicts annual, monthly and daily siunmaries of: rainfall excess, groundwater 
flow, subsurface flow, surface runoff, mean daily discharge, inflow to groundwater reservoir 
from HRUs, and inflow to subsurface reservoirs. Simulated results and their summaries are 
written to output files, and the data used to generate flow hydrographs and other graphical 
data. 
Description of Study Area 
The 50.5km^ Four-Mile Creek watershed is located in the northwestern part of Tama 
County in east central Iowa (Figure 2.1). The center of the watershed is located at 42° 12' N 
latitude and 92° 35' W longitude. It has a northwest-southeast orientation, with a variable 
width averaging 3 kilometers and a length of approximately 16 km (Figure 2.1). Like most 
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heavily cropped areas of Iowa, the Four-Mile Creek watershed has a well developed tile-
drainage system. The Four-Mile Creek flows east into the Wolf Creek, which flows east into 
the Cedar River. It drains into the Iowa-Cedar River basins m the eastern half of Iowa. Two 
approximately parallel rivers, the Iowa and the Cedar, flow to the southeast before 
converging and draining to the Mississippi river south of Muscatine, Iowa. Elevation in the 
watershed ranges firom about 276 m above sea level in the channel at the outlet, to about 
325m above sea level in the upper reaches of the watershed. 
With regard to hydrology, Johnson and Baker (1978) supplied the following 
information: (1) the average annual runoff per unit area of the watershed from 1962 to 1978 
was about 210 mm; while the average discharge was approximately 0.31 mVs, in addition, 
flood discharges of about 30 mVs were been reported for the 50.5 km^ area, (2) sediment 
yields were about 100 tonnes/km^ but varied across the landscape, (3) drain tiles had been 
installed in some fields close to the main channel and in some of the upper regions of the 
watershed with less sloping topography and (4) different tillage practices were used for soil 
conservation purposes. Primary examples were practices such as conservation tillage, 
terraces, and grassed waterways that decrease sediment loss. 
Johnson and Baker (1978) further report that the climate of the study area included 
cold freezing conditions during the winter months (November to March) and very high 
humidity during the summer months (June to September). Temperatures ranged from below 
freezing point (0° C) during winter months to more than 32°C during the sununer. Average 
aimual rainfall for central Iowa from 1900 to 1978 was 864 mm. High frequency rainfall 
events were mainly generated by intense convective storms during the summer and slower 
frontal thunderstorm during winter. The Four-Mile Creek watershed was located in Major 
Land Resource Area 108 (the Illinois and Iowa Deep Loess Drift) that covers the northeast 
portion of the Iowa-Cedar basins. It is characterized by gentle slopes, a smooth relief, and 
loamy soils. In more sloping areas of the watershed soil erosion proves to be a major 
problem. 
The watershed is heavily cropped with row crops (see Figure 3.2). Johnson and 
Baker (1980) report that about 80% of the watershed was under com and soybeans during the 
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year 1980. A small percentage of the land along the lower end of the creek and in the steeper 
areas of the watershed is under permanent grass and woodland. Johnson and Baker (1980) 
report that between 1970 and 1980, the percentage of the watershed in row-crops increased 
from 55% to 80%; while land in pasture, hay, grass, oats, government set aside (CRP) and 
woodland was reduced. 
Data Preparation 
Input data for model simulation were obtained from five main sources; (1) existing 
data collected by Johnson and Baker (1978), (2) meteorological data from the ISU 
Department of Agronomy, (3) existing digital maps from the ISU GIS Support and Research 
Facility, (4) manual digitizing of cartographic information from the United States Geological 
Survey (USGS) topographic maps, and (5) manual digitizing of data extracted from field 
notes and oblique aerial photographs from the EPA study. 
Most data extracted from existing records were meteorological and streamflow data. 
For the EPA study, a network of rainfall and streamflow gages was established in the 
watershed. Data from these gages were collected on a daily basis. The five daily-recording 
rainfall gages were spatially distributed throughout the watershed (Figure 2.3). The stream 
network as well as monitoring and gaging sites used in the study are shown in Figure 2.4. 
Streamflow gages were the stage-height recorder type installation. Two of the USGS 
streamflow gages were located on a highway and designated as Gladbrook and Lincoln 
stream-gage stations. One major streamflow gage was located at the watershed outlet, 
designated as the Traer Gage. 
Even thoi^ streamflow data were available throughout the year, meteorological data 
for the winter months were not collected in the study by Johnson and Baker (1980). To fill in 
the gaps for the winter months, meteorological data were estimated by averaging data for two 
neighboring weather stations, located at Marshalltown and Traer cities. The watershed is 
straddled between the two weather stations. However it should be noted that this data is only 
an approximation in lieu of the actual figures. 
Existing digital maps were used extensively to provide spatially distributed input 
parameters for the PRMS model. For geographical reference, existing digital transport 
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network maps as well as public land survey maps were used to establish reference points for 
the background m^ derived from the Tama County database available at the ISU GIS 
Support and Research Facility. These reference points were useful when digitizing landuse 
map. In Iowa, most roads intersect at the same intersection points as public land survey lines, 
which cross perpendicularly at one mile intervals. In addition to these reference points, the 
stream network map was derived from a digital hydrography map of Tama County. Soil 
maps were obtained from the USDA Digital Soil Laboratory located in the ISU Agronomy 
department. 
ARC/INFO GIS (ESRI, 1996) was chosen to handle the storage, retrieval, 
manipulation, and analysis of spatial data for the watershed. The digital data were acquired 
as ARC/INFO export files. Each file is comprised of a public land survey section. After the 
files were imported into ARC/INFO, they were built to a correct topology using ARC/INFO 
procedures, and then joined into a set of juxtaposed maps using the MAPJOIN command in 
ARC/INFO. After being joined the set was subjected to a cleaning process to eliminate sliver 
polygons. This process used the ARC/INFO DISSOLVE command and consolidated them 
into a single map. 
Even though printed maps of the watershed boundary existed from an earlier report 
by Johnson and Baker (1980), the maps were not spatially referenced. It was therefore 
necessary to manually digitize the watershed boundary from the USGS 7.5 mi^te 
topographic maps. Digitizing was accomplished by using a GTCO Super LIIdigitizing tablet 
at the ISU GIS Support and Research Facility, with the intersection points from the public 
land survey (PLS) lines utilized as digitizing reference points (tic marks). After the boundary 
layer was digitized, a contour map layer representing topography was also digitized. Using a 
similar approach digital land cover maps were obtained from aerial photographs of the 
watershed. 
The input and output data for PRMS were managed using the USGS watershed 
management system ANNIE (Lumb et al., 1990). ANNIE stores hydrologic data in a direct-
access, binary data library called a Watershed Data Management (WDM) file. ANNIE, 
however, is designed to accept data from pre-defined USGS WATSTORE files. Without the 
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data input facilities from USGS, the input process of ANNIE requires a "one-by-one" 
prompting for interactive data entry of each value, a process that would be time consuming 
for 30 data sets of365 daUy events representing two calendar years (1978 and 1979). To 
eliminate this time consuming step, a method to input data from spreadsheets was devised in 
the study. This method followed these procedures: (1) a binary WDM file was exported to a 
text format (ASCII), (2) the file headers of the export file were then modified to coincide 
with parameters for the Four-Mile Creek input data, (3) the export file was imported into an 
EXCEL 5.0 spreadsheet, (4) original data were deleted, and the Four-Mile Creek input data 
were typed in the columns to replace the original data, (5) the EXCEL file was exported to 
text format, and imported into ANNIE as a WDM import file, and (6) this imported file was 
used as the WDM file for Four-Mile Creek watershed. 
HRUs were defined to be the sub-watersheds ranging from a downstream junction to 
upstream, either to the beginning of the stream or to the next junction (Figure 2.5). The 
extents of the HRUs were matched with the stream junctions. In the Four-Mile Creek stream 
network, 22 stream segments were thus identified. HRUs were defined to be the 
subwatersheds for each stream segment. Once allocated, the weighted-average of the areal 
proportion of physical characteristics in each subwatershed were computed. In the cases 
where nimierical values were required, the weighted-average value was considered to be 
uniform over the HRU. In cases where the characteristic required was qualitative in nature, 
the dominant (> 50%) characteristic was used as the representative parameter. The only 
exceptions to this HRU delineation were in two cases where streamgs^es were located within 
the watershed, and were consequently regarded as stream junctions for the purposes of 
delineating the HRU. Flow from each HRU empties into only one channel element (outlet), 
but each HRU channel inlet can accept multiple subcatchment inflows. 
Parameter files were prepared from a simimary of physical characteristics derived 
from the digital maps by using GIS techniques. For soil characteristics, landuse and land 
management practices this was accomplished by specific procediues performed by the 
ARC/INFO GIS. Most of this was done by weighted-averages of polygon features by the 
STATISTICS command in ARC/INFO. The specification WEIGHTED-MEAN was 
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supplied, and ARC/INFO prompted for a characteristic. Thus, soil texture, permeability, and 
average slope were thus specified for each HRU. Results fix>m the statistical operation were 
then entered into the parameter file, specific to each HRU. Other factors derived from GIS-
techniques were channel lengths and channel slopes. 
Parameters for each HRU were specified to compute runoff resulting from rainfall. 
Actual measxirement of parameters representing subsurface processes was not practicable. 
Therefore reasonable estimate had to be supplied. In most circtmistances, reasonable 
estimates of model parameters were obtained from published literature. Parameters to which 
the model was most sensitive to are mentioned in the section describing the calibration 
process. Rain gages were allocated to different HRUs using Thiessen polygoning. The 
Thiessen polygons were created by the command THIESSEN in ARC/INFO, and the results 
are shown in Figure 2.6. After the first run a quick sensitivity analysis was carried out. 
Based on the results of this rudiment sensitivity analysis, parameters were then adjusted later 
during calibration. Troutman (1985) emphasizes the need for parameters to be physically 
realistic and their values to be selected so as to make the simulated peaks and voltmies to 
agree well with the observed peaks and volumes. 
RESULTS AND DISCUSSION 
Calibration of the Model 
Observed data were used for calibration and characterization of runoff processes in 
the study area. In the process of calibration, sensitivity analyses were used to determine 
which parameters the streamflow was most sensitive to. After several such analyses, 
tentative simulation model parameters were estimated for calibration of the model. The 
ultimate goal of a successfiil calibration process would be to minimiTe the differences 
between the observed runoff and the simulated runoff (Thompson, 1989). In the modeling 
process judgment was used to select the runoff events to calibrate the model without biasing 
the results. Even though workstation PRMS has an internal optimization routine the PC 
version of the model does not have it Therefore a manual calibration procedure patterned 
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after the iterative procedure was used. Calibration was conducted on the basis of matching 
average daily flow rate. 
PRMS was calibrated first for HRU 3, whose outlet is at Gladbrook streamgage 
(Figure 2.4), by using observed data for 1978. Initial calibration parameters were adapted 
from Cane Branch watershed, ^^ch is located in the Cumberland Plateau physiographic 
section of southeastern Kentucky, and were used to help pick the starting model parameters. 
The watershed is described by Musser (1963), and is used as a test watershed by the model 
developers. As a limited test, parameters were directly transferred and used for initial 
simulations. During this test the model over-predicted streamflow by a very high magnitude. 
Different values of evapotranspiration parameters were then tried until reasonable 
results were obtained. In the early tries, the starting streamflow for the first few days of the 
calendar year were too high. These were reduced to reasonable range by the adjustment of 
several parameters. The most sensitive parameters were those representing: (1) air-
temperature evapotranspiration coefficient (CTS), (2) vegetation cover density (COVDNS for 
summer, and COVDNW for winter), (3) maximum contributing area (SCX), (4) a coefficient 
in contributing-area moisture-index relationship (SCI), (5) rain interception storage capacity 
in inches (RNSTS for summer and RNSTW for winter), and (6) maximum available water 
holding capacity of soil profile (SMAX). 
After a reasonable calibration of HRU 3, the parameters were then transferred and 
used to calibrate a different larger subsection of the watershed whose outlet was Lincoln 
streamgage. There were 18 HRUs upstream firom this streamgage, not including HRU 3. 
When the parameters fi-om the initial calibration of HRU 3 were used for simulation, there 
was a slight imderestimation of streamflow. A calibration process followed until reasonable 
values were obtained. 
Once the parameters for a reasonable calibration of Lincoln gage were obtained, the 
results were then applied to the whole watershed. Results for the Four-Mile Creek watershed 
outlet at Traer streamge^e matched well with those from the Lincoln streamgage. 
Streamflows for each month, in cubic-meters per second were averaged and then compared. 
For the year 1978, the average monthly predicted-nmofif (yield) was about 94% of the 
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of the average monthly observed runoff. When the monthly data were divided in quarters of 
"January-March", "April-June", "July-September", and "October-December", the 
predicted/observed ratios of mean runoffs were 91%, 107%, 99% and 81% respectively. The 
parameters were adjusted within their defined ranges. At the final stage any attempts to 
adjust the parameters to obtain a perfect match would push the parameter values beyond the 
recommended (reasonable) ranges. 
The model has problems simulating late March snowmelt This problem probably 
arises because the groundwater seepage parameter RSEP is set uniform for the whole year for 
the watershed. When the season proceeds jBx>m winter to spring the model does not 
incorporate changes in subsurface thawing conditions. Hence when the first rainfall occurs in 
April the movement of water through soil is slower, and the observed values are higher than 
predicted. The configuration of the model makes two assimiptions that affect the accuracy of 
simulation under agricultural conditions in the US Midwest: 1) that vegetation cover density 
is uniform throughout siunmer, and 2) that transpiration conditions are uniform throughout a 
month. Hence, in June it is assimied that there is a similar vegetation canopy as May. In 
reality the row-crops (particularly com) grow to full canopy in Jxme and hence intercept more 
rainfall and there is an over-prediction. This effect is leveled out in July when the water 
requirements of the crops are at highest levels and more water is lost through more 
transpiration in the later part of the month. The model generally under-predicts streamflow 
in the quarters related to winter. It is plausible that soil parameters set uniformly for the 
whole year are responsible for this observation. 
Tile flow, a imique characteristic of agricultural watersheds in Iowa, is not accounted 
for in PRMS. Johnson and Baker (1978) report that many stream valleys have drainage tiles, 
designed to drain the topsoil in 24 hours. Once water enters the tiles it flows fi^eely rather 
than infiltrate. Drainage flow would to have be modeled by a specific model like 
DRAINMOD. (Schwab, 1994). The fact that tile flow was not accounted for constitues a 
possible impediment to accurate forecasting of streamflow. 
When the streamflows firom Gladbrook, Lincoln and Traer streamgages were 
compared several observations were noted. On certain days the total streamflow firom 
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Gladbrook and Lincoln streamgages do not sum up to equal the flow at Traer streamgage. 
There seem to be subsurface characteristics at the stream-bed that cause the disappearance of 
flow below the surface. Two possible reasons can be inferred to as being responsible for this 
behavior: (1) the tributary or the stream as a whole could be a losing stream. Meaning that as 
the stream progresses on downstream, it loses water to the subsurface, and (2) there may be a 
high component of subsurface flow in the watershed. Since the stream gage accoimts only 
for flow above the surface, the unexplained flow anomalies could be attributed to phenomena 
below the surface. 
Validation of Model 
After the model calibration was complete, evaluation was carried out for the years 
1979 and 1980. Table 2.2 shows statistics of average monthly streamflows. Several 
performance meastires were considered to assess the validation. These were: maximum error 
(ME), percent root mean square error (RMSE), Nash-Sutcliffe (NSR), modeling efficiency 
(EF), and coefficient of residual mass (CRM). The mathematical expressions for these 
performance measures (Loague and Green, 1983) are as follows: 
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Where n is the number of pairs of observed (y^ and model simulated (x^) values, and 
y is the mean value of the observations. Loague and Green (1983) explain that for the 
model to be considered valid (and representative of the real physical system), the hope of the 
modeler is to have values of ME, RMSE, NSR, EF and CRM eqiial to 0.0,0.0, 1.0, 1.0 and 
0.0 respectively. Both EF and CRM can be negative, and the NSR represents the measure of 
the proportion of the total variance of observed data explained by the simulated results. 
From the results of validation of the year 1979 the values for the performance 
measures were as follows: ME = 1.98 mVs, RMSE = 105.92, NSR = 1.61, EF = 0.25, and 
CRM = -0.17. For the year 1980 the values for the performance measures were ME = 0.50, 
RMSE = 69.93, NSR = 0.50, EF = 0.34, and CRM = -0.25. 
For both years the model generally over-predicted the observed total volume of flow, 
particularly for the month of November. For 1979 the monthly average and total streamflows 
were highly over-predicted because of an anomaly in the month of March, when a peak of 
100 cfs was observed. The high discrepancy between this peak and the predicted value 
suggests an instrument malilmction. It is this value that makes the Nash-Sutcliffe R* value to 
be higher than 1.0. When the months were divided into quarters, it was observed that 
validation conditions generally under-predicted streamflow in the first half of the year, and 
over-predicted in the last half. When field conditions and parameter definition in PRMS are 
examined, and statistical values considered the validation were not unreasonable. Several 
factors come into question as an explanation to this discrepancy. 
The years 1979 and 1980 were generally wetter than the year 1978. In the model 
validation, monthly evaporation parameters (CTS) from the calibration done with the 1978 
data were transferred for 1979 and 1980 simulations. However, with more rainfall and a 
cooler year (from temperature values), evaporation conditions for 1979/80 were not identical 
to 1978. It should also be noted that the year 1979 has one very high value for streamflow, 
such a value is an outiier, possibly arising from instrument malfunction. The higher the value 
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of CTS the more the evaporation. Since the CTS values should be lower for 1979/80, the 
overstated values from 1978 predict less evs^ration in 1979/80, and result in an over-
estimation of net runoff. At the same time, more rain&ll and water availability in the years 
1979 and 1980 could have produced a higher yield for crops, implying that there may have 
been a higher biomass of crops that transpired more. During model validation it was 
assumed that interception and transpiration rates remained the same value as those for the 
year 1978 uniform, w^ch is not necessarily the fact These possible discrepancies may be 
responsible for the over-prediction of 1979 and 1980 streamflows. 
SUMMARY AND CONCLUSIONS 
The performance of PRMS in the simulation of streamflow from an agricultural 
watershed in east-central Iowa was evaluated. The evaluation shows that even though it 
simulates well the total annual streamflow in certain cases the model may over-predict or 
under-predict the streamflow depending on the month of the year. This factor possibly arises 
because certain parameters are not distributed either monthly or spatially. However when the 
annual streamflow volume is examined the model seems to simulate well for the year 1978. 
A new technique was devised for data input via ANNIE. This signiflcantly reduced 
the time required for data input, and facilitated the data entry process. To use PRMS, one no 
longer needs to solely rely on WDM files from the USGS. GIS was used as a critical tool to 
generate, organize and summarize input data for modeling. Parameters generated for a 
specific sub-watershed were able to help generate parameters to calibrate the model. The 
parameters were transferred to another part of the watershed, and generated similar results. 
When the calibrated parameters were transferred to the whole watershed, the simulation was 
similar to the sub watershed. 
Validation of the model for the years 1979 and 1980 demonstrate potential problems 
arising due to the transfer of parameters that are "climate-dependent." Transfer of parameters 
from a relatively dry year to a wet year indicated over prediction of late simmier and fall 
streamflow. This is not a surprise as the model was calibrated for drier conditions. This 
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implies that the temperature data that is used to control ev^wtranspiration is not adequate for 
transferability of parameters from a dry year to a wet year. 
However, several obstacles stand in the way of perfect simulation of surface 
hydrology in an agricultural database by PRMS. There is a need for the model to be 
reconfigured to more accurately account for variation in leaf area index (LAI), crop water 
intake and tile flow. 
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Table 2.1 Calibrated PRMS input parameters 
Parameter Value Description 
CTS 
GSNK 
GW 
RCF 
RCP 
RESMX 
REXP 
RNSTS 
RSEP 
SCN 
SEP 
0.0018,0.0023, 
0.0018, 0.0049, 
0.0016, 0.0072, 
0.0086, 
0.0091,0.0081, 
0.0023,0.0068, 
0.0055 
0.001 
2.6 
0.25 
0.78 
1.0 
1.0 
0.1 
0.0001 
0.0016 
0.12) 
monthly evapotranspiration coe£5cients 
(dimensionless) 
Coefficient to compute seepage from each 
groundwater reservoir to groundwater sink (inches 
per day) 
Storage in each groundwater reservoir (inches) 
Linear routing coefficient for each subsurface 
reservoir (dimensionless) 
Nonlinear routing coefficient for each subsurface 
reservoir (dimensionless) 
Coefficient for routing water from each subsurface 
reservoir to groundwater reservoir (dimensionless) 
Coefficient for routing water from each subsurface 
reservoir to groundwater (dimensionless) 
Interception storage capacity of unit area of 
vegetation for rain during siramier period, for each 
HRU (inches) 
Seepage rate from each subsurface reservoir to 
groundwater reservoir (inches per day) 
Minimum contributing area for surface runoff when 
ISSR1=0 or coefficient in contributing area-soil 
moisture index relation when ISSR1=1 (percent) 
Seepage rate from soil moisture excess to each 
groundwater reservoir (inches per day) 
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Table 2.2 Avenge Daily Streamflow: Summary Statistics for 
Validation Years 1979 and 1980 
Year 1979 1980 
% % 
Observed Predicted Deviation Observed Predicted Deviation 
Month (cu-m/s) (cu-m/s) (Obs) (cu-m/s) (cu-m/s) (Obs) 
Jan 0.13 0.06 56.7 0.37 0.47 -27.0 
Feb 0.11 0.06 50.3 0.42 0.26 37.9 
Mar 3.27 1.29 60.4 0.63 0.46 28.0 
Apr 1.08 1.26 -16.4 0.24 0.27 -12.6 
May 0.70 0.64 8.7 0.46 0.46 1.6 
Jun 0.82 1.80 -119.5 0.80 1.30 -61.9 
Jul 1.14 2.13 -87.5 0.09 0.07 26.2 
Aug 0.40 0.85 -113.2 0.28 0.65 -131.2 
Sep 0.10 0.09 9.6 0.06 0.10 -71.3 
Oct 0.25 0.87 -252.6 0.04 0.16 -258.0 
Nov 0.24 0.55 -127.5 0.05 0.08 -72.1 
Dec 0.16 0.20 -26.9 0.04 0.07 -106.2 
Mean 0.70 0.82 0.29 0J6 
ME = 1.98 0.50 
RMSE = 105.92 67.93 
Nash-Sutclifife = 1.61 0.50 
EF = 0.25 0.34 
CRM = 
-0.17 -0.25 
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CHAPTERS 
VISUALIZATION OF THE SIMULATED STREAMFLOW OF AN 
AGRICULTURAL WATERSHED 
A paper to be submitted to Transactions of the ASAE (Soil and Water Section) 
F. L. Namwamba, U. S. Tim, and R- S. Kanwar. 
ABSTRACT 
Simulation results from a distributed parameter hydrologic model were visualized in a 
time variant dynamic mode. The model was carefully evaluated using observed data from 
the watershed. Data generated from a geographic information system (GIS) was used as 
input for a rainfall-runoff modeling system and the simulated daily streamflows were 
"draped" onto a digital terrain model (DTM) of Four Mile Creek watershed. Frames of the 
daily streamflow were then assembled into a digital "movie file", and visualized in a dynamic 
mode. Mathematical modeling, GIS, and scientific visualization were all instrumental in this 
research. Since the three forms of technology were developed independently (and for 
different purposes), the study took a "tool-box" approach, where different applications were 
used to achieve a desired goal. The applicability of GIS and techniques of scientific 
visualization in enhancing the presentation and interpretation of large volumes of water 
resource data was demonstrated. 
Keywords: visualization, hydrology, streamflow 
INTRODUCTION 
Visualization provides the tools and methods to provoke human insight into large 
volumes of complex computer generated data (Gallop, 1994). The end result is supposed to 
look "real" and be able to mimic complex real world processes. The work of White et al. 
(1996) established the firamework and defined the rationale for the application of 
visualization m water resource management They investigated the use of scientific 
visualization techniques in the interpretation of results fix)m hydrologic modeling and argued 
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that although GIS provides an excellent tool to perform hydrologic analysis, it was still 
relatively unable to visualize temporal information effectively. 
The need to bridge the gap between the scientist and decision-makers presents new 
opportunities and challenges. The primary challenge is to convert massive amounts of data 
and scientific knowledge into easily understandable format for decision-making. Earth 
science applications in general, and water resources management applications in particular, 
generate large amounts of data relating to physical phenomenon in space and time 
(Koussoulakou, 1994). The multidimensional nature of this data makes it necessary to 
develop computer visualization techniques to explore and interpret it. 
In a previous study (Namwamba, to be submitted to Journal of Hydrology in 1998), 
GIS was used to capture, store, integrate, manipulate, organize, and analyze spatially 
referenced data for hydrologic modeling. With this data, the Precipitation and Runoff 
Modeling System (PRMS) was then used to simulate runoff from an agricultural watershed. 
An earlier study by White et al. (1996) relating GIS hydrologic modeling and 
visualization identified the need to include a visualization component in the presentation of 
hydrologic simulation results. Their study was done using data from the 1993 US Midwest 
floods. This study goes a step further beyond their initiative by implementing the 
visualization of simulated hydrologic response utilizing observed data from an agricultural 
watershed. Traditionally, data visualized with most GIS is presented in a static mode. 
In this study, the presentation of results from the simulation model was implemented 
by scientific visualization. The major development here was a new process of visual 
rendering of results. With the complete procedure developed, planners are able to view the 
physical variation of streamflow over a time frame of one year. 
Scientific Visualization and GIS 
Today's society requires forms of communication that have the ability to form an 
abstraction of the real world into graphical representations comprehensible to a wide range of 
people. In addition to this, there is a growing appreciation for information presented in three-
dimensional visual format ( Faust, 1995). Visualization helps to bridge the worlds of the 
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scientists and decision-makers by providing additional insights to modeling results G^oh et 
aL, 1992) that were traditionally presented as charts or numerical tables. 
Several definitions of visualization appear in literature. McCormick et al. (1987) 
broadly define visualization as a series of transformations that convert raw simulation data 
into displayable image. The goal is to convert the information into a format amenable to 
understanding by the human perceptual system (Haber and Mcnabb, 1990). Wood and 
Brodlie (1994) report that visualization is associated with fast processing hardware and more 
sophisticated computer graphics, including animation Gallop (1994) argues that though 
visualization is a human process, it also happens to have modem computer technology 
associated with it. Visual display refers to the transient and easily modifiable visual 
representation on electronic media such as cathode-ray tube (CRT) screens or liquid-crystal 
display (LCD). 
Wood and Brodlie (1994) outline the convergence of the fields of scientific 
visualization (ViSC) and GIS. They argue that modem GIS, exemplified by ARC/INFO 
software (ESRI, 1994a), might be described as oflfering the best of both worlds of GIS and 
ViSC, as it is an integrated database, management and graphics system. Visvalingam (1994) 
explained the need for computer assisted display of cartographic data and insisted that 
visualization is ultimately a human process. Computer graphics enable users to rapidly 
display the vast volumes of data processed using GIS, a process that could not be carried out 
manually. Developments in information technology (IT) are offering GIS. cartography, and 
ViSC new opportimities for growth and overlap. Within GIS, the visual map is seen mainly 
as a device for communicating the results of "What if?" analysis. ViSC systems are 
stmctured to filter, enrich, manipulate, map and render data. Buttenfield and Ganter (1990) 
report that the meaning of visualization in GIS has become broader, and includes 
representations of data quality. 
Animation 
Animation is a method for simulating continuous phenomenon by displaj^g change 
of a discrete collection of images over predetermined time steps (Brodlie et al., 1992). 
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Computer animation of map sequences is an idea that was developed in the early 1970s. 
Tobler (1970) used computer movie technology to simulate urban growth. Dorling and 
Openshaw (1991) used computer animation to visualize space-time patterns. The process 
gives the viewer an impression of watching continuous, dynamic events. Generally the 
process is implemented by rapidly updating a series of image frames that have been captured 
one-frame-at-a-time over a series of time steps. The time step between each frame is 
normally weighed against the objectives of the animation and the message to be delivered. 
Computer animation is an end process of the visualization process, intended to "give life" to 
the presentation. 
MATERIALS AND METHODS 
Brief Description of Methodology 
The aim of this study is to develop an environment for analysis and visualization of 
simulated hydrologic response from an agricultural watershed. Figure 3.1 shows a schematic 
diagram of the methodology used in the study. Data from an agricultural watershed was used 
to simulate daily streamflow for a year with complete data set. A series of map layers were 
generated to depict the watershed physical characteristics. The simulated daily values of 
streamflow for the year were used as a pilot demonstration of the visualization. The 
streamflow maps were prepared by "draping" line segments representing different ranges of 
flow rate onto a digital terrain model of the watershed. Daily streamflow maps were then 
assembled into a movie file and animated for the final visualization. 
Study Area 
The Four-Mile Creek watershed in Tama County, Iowa (Figures 3.2), provided data 
for hydrologic modeling. The 50.5 km* watershed is located in the north-west part of Tama 
County which is in east central Iowa, approximately 130 km southeast of Des Moines, the 
state capital (Figure 3.2). The center of the watershed is located at 42° 12' N latitude and 92° 
35' W longitude. It has a northwest-southeast orientation, with a variable width averaging 3 
km and a length of approximately 16 km (Figure 3.2). Elevation in the area ranges from 
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about 276 m above sea level in the channel at the outlet, to about 325 m above sea level in 
the upper reaches of the watershed. Johnson and Baker (1980) report that between 1970 and 
1980, the percentage of the watershed in row-crops increased from 55% to 80%; while land 
in pasture, hay, grass, oats, government set aside (CRP) and woodland was reduced. 
With regard to hydrology, Johnson and Baker (1978) supply the following 
information; (1) the average annual runoff per unit area of the watershed from 1962 to 1977 
was 210 mm, while the average discharge was approximately 0.31 mVs; (2) flood discharges 
of about 30mVs had been reported for the 50.5 km^ area; and (3) sediment jdelds were about 
100 tonne/km^ but varied across the landscape. 
Johnson and Baker (1978) report further that regionally, the Four-Mile Creek 
watershed is physiographically contained within the Iowa-Cedar River basins in the eastern 
half of Iowa. Four-Mile Creek flows east into the Wolf Creek, which then flows east into the 
Cedar River. Two approximately parallel rivers, the Iowa and the Cedar, flow to the 
southeast before converging and draining to the Mississippi river south of Muscatine, Iowa. 
According to Johnson and Baker (1978) the climate of the study area includes cold 
freezing conditions during the winter months (November to March) and very high humidity 
during the simuner months (June to September). Temperatures range from below freezing-
point (0°C) during winter months to more than 32°C during the sirauner. Average annual 
rainfall for central Iowa from 1900 to 1978 was 864 mm (Baker and Johnson, 1979). High 
frequency rainfall events are mainly generated by intense convective storms during the 
summer and slower frontal thunderstorm during winter. 
The watershed is heavily cropped with row crops. Johnson and Baker (1980) report 
that about 80% of the watershed was under com and soybeans during the year1980. A small 
percentage of the land along the lower end of the creek and in the steeper areas of the 
watershed is under permanent grass and woodland. 
Hydrologic Modeling 
A distributed-parameter model, the Precipitation and Runoff Modeling System 
(PRMS), developed by Leavesley et al (1983) was used in this study. The model has been 
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described in detail by Leavesley et al. (1983) and has been used extensively in watershed 
studies across the US (Leavesley, 1989; Kuhn and Parker, 1992; and Leavesley et al., 1992). 
Conceptually, PRMS divides the watershed into spatial units, referred to as hydrologic 
response units (HRUs). In this study HRUs were defined as sub-watersheds, delineated by 
topography, with the lower extents defined by stream junctions. The model was calibrated 
and validated using data from the Four-Mile Creek watershed, and results were reconstituted 
for the visualization. 
Leavesley et al. (1983) outline the methodology and components of PRMS. The 
model divides the terrain into planar units whose hydrologic response is assimied to be 
uniform across the unit. The model then simulates the impacts of various combinations of 
climate, landuse and terrain on streamflow. PRMS is a deterministic distributed-parameter 
model that simulates water-balance relationships, flow peak rates and flow volumes, soil-
water relationships, sediment transport and groundwater recharge. Inputs required by the 
model include daily values of minimum and maximum temperatures, daily precipitation from 
snow and rainfall, and daily solar radiation. 
To apply the model the watershed must be partitioned into homogeneous imits on the 
basis of slope, aspect, elevation, vegetation type, and soil type. The partitioning criteria are 
neither standard nor automated. The user has to define the basis for the selection of the 
physical characteristics. The resulting units, referred to as Hydrologic Response Units 
(HRUs) have a uniform hydrologic response. Water balance and energy balance are 
computed for each HRU. The siun of responses of all HRUs, weighted on a unit area basis, 
produces the daily system response and streamflow from the watershed. For storm 
hydrograph simulation the watershed is conceptualized as a series of interconnected flow-
planes and channel segments. Surface runoff is routed over the flow planes into the channel 
segments and channel flow is routed through the watershed channel system. Each HRU 
requires input values for slope, aspect, elevation, vegetation type, and soil type. 
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Visualization 
In this study, the data that is fed to the visualization process were sampled from the 
simulation of surface hydrology. Brodlie (1994) outlines the three distinct parts in a 
visualization process. The first part is to construct an empirical model from the data. This 
should act as a representation of the physical phenomenon. Next, it is important to select 
some schematic means of depicting the modeling results. Finally once these have been 
achieved, one can then render the image on a graphics display. These three steps define the 
basic structure of a visualization technique. 
In the study, the model simulations were represented as "line coverages" in 
ARC/INFO GIS. From the results, daily-streamflow hydrographs were obtained at two 
channel junctions and at the watershed outlet. Depending on the characteristics of the HRU 
drained by a stream channel, different values of streamflow were obtained. In representing 
the streamflow associated with the flow characteristics at a stream jimction, the volume of 
flow represented by the flow was displayed as a stream thickness. The choice for the mode 
of line representation for streamflow was guided by cartographic principles. Kraak and 
Ormeling (1996) describe the various ways of representing flow lines on maps, thus in a map 
where the direction of flow is known by the observer, the volume transported along such a 
route can be shown by relative thickness of the stream line. The impression given by the 
proportional flow line representation is one governed by both length of route and the 
thickness of the line. 
Streamflows simulated from different channels were added to the total flow as the 
water proceeded downstream to the outlet of the watershed. The individual contribution of 
each channel was calculated as a proportion of the relative area of the contributing HRU, 
which was then added to contributions from incoming tributaries. 
For purposes of visualization and to account for the continuous increase in 
streamflow, the stream thickness on the map was displayed in 10 categories of graduated 
size. Thus, the thickest line represents the highest flow, while the thinnest line represents the 
lowest flows predicted by the model. For visualization, when the simulation output for 1978 
was examined, streamflow was proportioned in the following ranges 0.0 to 0.075 mVs, 0.075 
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to 0.15 m^/s, 0.15 to 0.30 m^/s, 0.3 to 0.9 mVs, 0.9 to 1.5 mVs, and 1.5 to 2.1 mVs. Hence for 
these six ranges, line thicknesses were proportionally calculated as buffer thicknesses from 
the center within the GIS. Beyond 2.1 mVs, there was a need to differentiate between the 
extreme events, which are of low frequency. The threshold for these extreme events was set 
at 4.8 mVs. Therefore, greater than 2.1 mVs, simulated streamflows were represented in 
ranges of 0.9 mVs, and divided into four categories; 2.1 to 3.0 mVs, 3.0 to 3.9 mVs, 3.9 to 4.8 
mVs, and greater than 4.8 mVs. Thicknesses of lines visually representing these flow rates 
ranges were not proportional, rather they represent large magnitude flow rate ranges that are 
visually distinct 
The streamflow coverages thus derived were "draped" onto a digital terrain model 
(DTM) of the watershed. The DTM was generated as a topographic surface by using the 
TOPOGRID (ESRI, 1994b) command in ARC-ENFO software. The stream coverage was 
"draped" onto the DTM. The relief surface of the DTM, was rendered in shades of gray. 
To achieve a dynamic representation "still image" frames of sequential daily events 
were assembled into a movie file for animation. To transfer the images from the GIS system 
to a visualization system each frame was captured as an image file. These files were then 
sequenced as animated "movies". 
Kraak and Ormeling (1996) observe that today's GIS pack^es have only a limited 
capacity to handle video and animation. Hence the images were transferred to a Silicon 
Graphics Inc. platform for final visualization in JPEG format. This format minimized disk 
storage space. The image capture process was accomplished by XVIEW™ in a UNIX 
enviromnent outside ARC/INFO. The suite of frames representing one year were then 
assembled into a movie file, using the '''movie maker''' command on a Silicon Graphics 
workstation. In assembling the "movie file", a specific speed of display was allocated to each 
frame. Once satisfied with the arrangement of frames in the "movie file", the animation 
process is the next step. This was accomplished by rapidly displaying a series of image 
frames that had been captured one-frame-at-a-time in the "movie file 
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RESULTS AND DISCUSSION 
The procedure developed in this study is intended to enhance environmental 
management and water resource decision-making. The image to render was abstracted from 
a stream coverage of daily streamfiow. The stream coverage was very critical to the 
visualization process. In choosing the mode of visualization, different levels of abstraction 
were considered. These varied from highly symbolic, to the highly detailed and realistic. 
The final mode chosen had few symbols, with only detail that was essential. Even though the 
landscape surface looked "real" is was actually "vertically exaggerated" to enhance 
perception. 
On the DTM surface different spatial entities were represented. A good example of 
such entities is for example, HRUs (Figure 3.3). The streams coverage that was "draped" 
was displayed in blue color on the computer screen. With increasing thickness, this 
foreground was manifested more vividly, and achieved the desired results (Figure 3.5 and 
3.6). 
To preserve detail, large frames of greater than 6x4 inches were maintained because 
the JPEG compression reduces resolution. In the production of the movie files appropriate 
formats had to be considered. The two available choices were ^"Quick-Time''' and '"MPEG\ 
For these two types of movie format, the assembled "''movie-file''' was significantly smaller in 
size (in bytes) than the total size for individual frames. Naturally, the resolution was as good 
as the screen resolution and no better. The resulting movie files were possible to edit using 
""movie makerT In the "movies" the time series can be reviewed, forwarded and stopped for 
static frame viewing. 
SUMMARY AND CONCLUSIONS 
Visual presentation of numerical results enhances human cognition. The aim of this 
study was to enhance the presentation of hydrologic simulation results to decision-makers. 
The results from the study would present the decision-makers with the option to select a set 
of candidate interpretation from a range of more possibilities. Hopefully, this would help to 
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stimulate the acquisition of insights into and fomiulate solutions to water resource problems 
in an agricultural watershed. 
This study used GIS technology and visualization to enhance the presentation of 
streamflow simulation results from a rainfall-runoff modeling system. Simulation results 
from a widely used hydrologic model were formatted as input for visualization. In the 
visualization process, an effort was made to reduce the level of abstractness by representing 
the surface as a digital terrain model complete with surface hill-shade features. With the 
visualization it was possible to scan through the results of streamflow simulation over a time 
range. The study utilized the technology of movie making in the IRIS system on Silicon 
Graphics to develop an animation for the visualization. 
The objective of this study was to develop presentation procedures to assist decision­
makers in water resource management by giving and additional dimension to the cognitive 
quest for more educated decisions. The visualization can assist decision-makers by 
presenting them with an optional presentation avenue to view the process of streamflow 
simulation. It gives an idea as to when extreme events occur, and provides the decision­
makers a means to assist the cognitive quest for more educated decisions. 
It should be noted, however, that there are still many obstacles to overcome before the 
system is well refined. There is also a need to tie in the system developed here with imaging 
technology. The biggest obstacle in this study is the lack of availability of a ubiquitous 
screen capture technology to cope with texture mapping capabilities of surface imaging 
software. Tackling these obstacles would go a long way towards development of an 
integrated system for the presentation of hydrologic simulation results. 
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CHAPTER 4 
IMPACTS OF ALTERNATIVE LAND MANAGEMENT SCENARIOS 
ON SURFACE HYDROLOGY 
A Paper Submitted to Journal of American Water Resources Association 
F. L. Namwamba, U. S. Tim, J. Raich and R, Arritt. 
ABSTRACT 
The Precipitation Runoff Modeling System (PRMS), applied in conjunction with 
visualization procedures was used to examine impacts of different land-management-
strategies on watershed hydrology. Geographic information systems (GIS) and visualization 
techniques were used to enhance the technological capabilities of displaying output from a 
surface hydrologic model. A precipitation and runoff modeling system (PRMS) modeled the 
theoretical scenarios, set in the Four-Mile Creek watershed, located in east central Iowa. A 
scenario comprising of the year 1978's landcover and management was used as the baseline. 
In addition to the baseline two other scenarios considered were: (1) the partial conversion of 
the watershed to pasture, and (2) the conversion of certain areas of the watershed from 
cropland to woodland. The simulation results of the baseline scenario and the other two 
scenarios were then juxtaposed and visualized on a Silicon Graphics Inc. (SGI) workstation 
platform. The results demonstrate that conversion of row-cropped areas to woodland could 
reduce the total annual streamflow by about 50%, while conversion to pasture could reduce 
total annual streamflow by only 3%. 
Keywords: Hydrology, Modeling, Visualization, Land Management 
INTRODUCTION 
Recent developments in information technology (IT) are opening new avenues of 
application in water resource management. The need for sustainable planning and 
management of water resources has made the role of information technologies a necessity. 
Several phases of planning and management have to be implemented by decision-makers in 
major water resource projects (Goodman, 1984). First, there is a need to establish the goals 
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major water resource projects (Goodman, 1984). First, there is a need to establish the goals 
and objectives of a project Once the goals and objectives are defined the next step is 
problem identification and analysis. Planners then have to identify soliitions and do an 
impact assessment. This is followed by the formulation of alternative management 
strategies. Finally, decision-makers can make recommendations, including priorities and 
schedules for implementation of the recommendations. This study models streamflows 
resulting from alternative management strategies in a watershed, with a view of comparing 
the qualitative impacts. 
Water resources systems can be defined as a "^set of structural and non-structural 
measures and activities for the purpose of developing water resources for the benefit of 
human use" (Dyck, 1990). Natural and human-induced phenomena are responsible for 
several hazards. Refsgaard and Abbot (1996) report that flood damage ranks high among key 
issues in water resources management. They also report that floods kill people and cause 
more damage than many other natural disasters. The ongoing and continuous construction of 
flood control structures has not stopped the rise in fiood damage. Considering that the 
increasing pressure on land has been coupled with environmental mismanagement, flood 
damage has continued to rise. One effective strategy to control floods downstream is to 
implement effective watershed management strategies upstream, both at basin and regional 
scale. There is a growing need for systematic determination of the quantity and quality of 
water resources. This need has led to an increase in data gathering activities in recent years, 
and consequently a technological challenge to process the data into meaningful results. The 
combination of hydrologic models with other information technology resources are now 
being used as standard tools for real-time flood forecasting purposes. In addition to these 
developments is the need to predict the effects of land-use change on water quantity and 
quality. 
Increased research activity relating to water resource management has generated large 
volimies of data. Openshaw et al. (1994) observed that the explosion of large volumes of 
data calls for better management and reported that a large majority of decisions depend on 
effective manipulation of large volimies of spatial If information has to be analyzed or 
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displayed in a spatial context, the ^plication of GIS becomes essential. Deckers and 
TeStroet (1996) cite the increasing role of GIS in hydrologic modeling studies, and the 
realization that GIS has evolved into an essential tool in hydrology. GIS could be applied in 
either local or regional contexts, and can be useful in monitoring change in the use of natural 
resources. GIS helps to bring together data from different sources and integrate them within 
a platform where they could be made accessible to decision-makers. 
The objective of the study is to examine the impacts of alternative land management 
strategies on the surface hydrology of an agricultural watershed. In this study scenarios 
representing the impacts of different land management practices in an agricultural watershed 
were investigated. Visualization provided the means to display the various scenarios in 
graphical representation to end-users. 
Requirements in an earlier study necessitated the customization of GIS software to 
address streamflow simulation. GIS was used to summarize and organize spatial data to be 
applied as input to a hydrologic model. Simulation results from the model were in turn re­
entered into a GIS for purposes of visualization. The frames to be visualized were developed 
within a GIS, and results therefrom captured and visualized in a more powerful computer 
platform. Parameters relating to land management were varied, and the simulation results 
examined. The parameters varied were those representing management practices that could 
be realistically implemented in the watershed. 
Potential Impacts of Vegetation Cover 
The type of vegetation cover is very critical to many surface hydrologic processes. 
Vegetation cover intercepts rainfall, influences the impedance of the land surface to water 
flow, and creates a delay in the travel time of water from the top of the canopy to the soil 
surface and also to delivery to the stream channel. Vegetation type is also related to the 
evapotranspiration process. Vegetation types sometimes relate to the length and depth of the 
root system, and hence may exert some influence on the soil water balance. 
Surface vegetation cover relates to several phenomena involved in generation of 
surface runoff. Surface cover type and density is critical to the interception of precipitation. 
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The vegetation stops raindrops from reaching the ground directly by creating a temporary and 
sometimes a permanent delay. This vegetation cover would decrease the rainfall intensity. 
Cuenca (1989), reports that experiments in soil physics show that infiltration rate for 
a particular soil reduces with time due to a reduction in hydraulic gradient Therefore, if 
precipitation reaches the ground at less intensity, the chances of precipitation rate to exceed 
infiltration rate of water are less. This reduces the chances of ponding and potential surface 
runoff runoff, and hence more water infiltrates into the ground at the end of the day. In case 
there is permanent delay, the intercepted component evaporates while in the case of 
temporary delay most of the intercepted precipitation reaches the soil surface. 
Considering the fact that the level of interception of rainfall varies according to 
vegetation cover, various scenarios were examined for different values of interception. 
Thurow et ai (1987) reports that in Texas the percent interception by grass varies from 13% 
for short grasses to more than 50% for long grasses. For trees, the level of interception varies 
from about 50% for hardwood-trees to about 30% for conifers. Considering crops, there is 
no interception before plant emergence. The amount of interception increases as the crop 
grows and approach the full canopy. Parameters from the calibration of the model for Four-
Mile Creek watershed, represent a vegetation regime dominated (70-80%) by row-crops 
(Johnson and Baker, 1980). 
Impact of row-crops 
Vegetation type directly influences the water balance in a watershed system, and 
affects evapotranspiration due to water losses from interception (Savabi and Stott, 1994; 
Thurow, 1987), as well as transpiration. It has been shown that variation in land management 
strategy affects the streamflow rates. Studies by Allen and Laenen (1993), in which surface 
runoff was simulated by PRMS, indicate that di£ferent forest management practices result in 
fluctuation of resultant streamflow rates. In a scenario where the water losses to evaporation 
are higher, less water infiltrates into the soil or eventually to the stream channel. Water loss 
is generally related to the amount and type of vegetation canopy. In PRMS, vegetation type 
is defined otJy in four categories; bare ground, grass, shrubs and timber. 
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Given that the dominant vegetation cover in Four-Mile Creek watershed is row-crops, 
it is important to note that the crop leaf canopy varies over the range of time in a season. 
This variation during the crop-year influences the average seasonal cover density. Johnson 
and Baker (1980) report that in the late 1970s com was generally planted during the last week 
of April or the first week of May. Therefore, it is safe to conclude that before late April, the 
ground is generally bare after plowing. Emergence starts about 10 days after planting, and 
the development of the leaf canopy takes approximately 70 days. The variation of surface 
cover as a function of leaf canopy therefore affects the surface hydrology as the growing 
season progresses. At the same time, the daily water requirements of the vegetation vary also 
with growth stage during the growing season. By the time com reaches full-maturity, it has 
significantly more water needs than at emergence. Less water is able to proceed on to the 
stream channel as transpiration is increased. After harvest the water requirements of the crop 
reduce significantly, and the effect of the canopy is only as litter, with the transpiration 
component substantially reduced. 
METHODOLOGY 
The objective of this study was to simulate and examine the impacts of alternative 
land-use management strategies on streamflow. The Precipitation-Runoff Modeling System 
(PRMS) developed by Leavesley et al. (1983) was used to simulate the daily streamflow. 
The watershed, located approximately 128 km southeast of Des Moines in east central Iowa, 
was selected as the area to test the scenarios. The scenarios to be examined represent 
possible changes in land management. The visualization of alternative land management 
scenarios provides decision-makers with different options in water resource management. 
Figure 4.2 shows a schematic representation of the methodology used in the study. This 
study uses PRMS to predict and visualize changes in surface runoff resvilting firom changing 
land management practice firom cropland to other uses. 
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Study Area 
The Four-Mile Creek watershed is located in Tama County, Iowa at 42° 12'N latitude 
and 90° 35'W longitude (Johnson and Baker, 1980). The watershed has a northwest-
southeast orientation and is approximately 50.5 km^ in area. The average annnal temperature 
is 18° C, while the average growing season is about 150 days. Johnson and Baker (1980) 
report that the average water yield for the 1962-1978 is about 210 mm, with an average 
discharge of 0.31 mVs. In certain instances, flood discharges of about 30 mVs have been 
reported. A small percentage of the land is terraced. £)rain tiles have been installed in some 
fields in the flood plain, and in some of the upper regions of the watershed with less sloping 
topography. The dominant landuse type in the area is row-crops, with 75% of the area under 
com and soybeans. Some land parcels towards the lower end of the watershed are in 
permanent pasture, particularly in areas with steep slopes. 
Land Management Scenarios 
In this study the presence of row-crops as the dominant surface vegetation cover was 
considered to be the baseline scenario. Two scenarios involving the implementation of the 
conservation reserve program (CRP) were compared to this baseline. The CRP is a 
government program where some farmland is set aside and not farmed (Iowa DNR, 1995). 
The "set-aside" land is then put under different vegetation programs. The original aim of the 
CRP program in Iowa was to take steep land under row crops and put it out of cultivation to 
mitigate soil erosion. It is plausible that under such a situation, cropped portions of the 
watershed could be replaced by two possible alternatives. 
(1) The crops could be replaced by woodland for erosion control. A report published by 
Iowa DNR (1995) shows that east-central Iowa represents an ecological zone comprised 
partially of a "trees and grassland" vegetation. If the row-crops in the HRUs adjoining 
the stream were replaced with hardwood forest (Oak: Quercus spp.) with a thick layer of 
litter, the interceptive capacity of such a replacement could be more than that for row 
crops. Studies from Texas show that oak canopy and its litter could intercept as much as 
46% (Thurow et al., 1987) of annual precipitation. In formulation of the tree-cover 
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scenario, the composition of Iowa woodlands, comprised generally of hardwood (Oak 
and Walnut trees), was considered to be representative of the scenario. 
(2) Cropland could be placed under forage crops as pasture. The composition of grassland 
considered was that of unimproved pasture (smooth bromegrass; Bromus inermis Leyss or 
Kentucky bluegrass). Reports from the CRP program show that smooth bromegrass has 
been extensively in CRP grassland programs in Iowa. In the simulation the parameters 
are set to represents condition where bromegrass is the dominant vegetation. 
The literature source comparing interception values of various vegetation regimes is 
shown in Table 4.1. Since the studies were not conducted in Iowa, they are only adapted as a 
qualitative guide for comparing interception rates of grass and tree vegetation covers. 
Visualization was done after the simulations. Results from these analyses were 
overlaid as pairs of coverages representing various stream-thicknesses. The width of the 
stream thickness was related to relative values of predicted daily streamflow. These 
coverages were "draped" over a digital terrain model (DTM) of the Four-Mile Creek 
watershed after which they were visualized and compared. The main results observed with 
regard to streamflow were daily streamflow values and aimual total streamflow volumes. 
The implications of the results on watershed management were then examined and 
interpreted. 
The "coverages" representing each scenario were generated in ARC/INFO GIS. Each 
coverages were then "draped" over the watershed digital terrain model. The stream 
coverages representing the baseline and the scenario were represented in different frames. 
The resulting daily streamflows of each scenario were visually juxtaposed with the baseline. 
To transfer the images from the GIS to a visualization each frame was captured using 
XVIEW™ and saved as a file in the JPEG format to minimize disk storage space. 
After the image capture of each frame, the files for each frame were transferred to an 
IRDC (Silicon Graphics variation of UNIX) platform on a Silicon Graphics Inc. Indy 
workstation for animation. The suite of frames representing one year were then assembled 
into a movie file, using the "wov/e maker" command on a Silicon Graphics workstation. In 
assembling the ^movie file" the speed of display of each frame was defined. Once satisfied 
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with the arrangement of frames in the '^ movie file", animation was the next step. The process 
was implemented by rapidly updating a series of image frames that have been captured one-
frame-at-a-time over a series of time steps. In the production of the movie files, appropriate 
formats had to be considered. The two available choices were Quick-Time" and "'MPEG."'' 
For these two types of movie format, the assembled ^'^movie-file" was significantly smaller in 
size (in bytes) than the total size for individual fiames. The resulting movie files were then 
edited using "wiov/e maker" The movie was then played. The movie could be edited, and 
also be rewoimd and forwarded. 
RESULTS AND DISCUSSION 
When the amount of seasonal vegetation cover density was varied, changes in both 
overall streamflow volumes and peak flow were observed. The amoimt of change depends on 
the overall rainfall conditions. For most of the year streamflow is dominated by base-flow. 
The results showed the important role of vegetation in the water balance of a watershed, 
particularly as affected by change in percent surface cover. A high sensitivity of streamflow 
change relative to change in vegetation cover density was seen to occvir during periods after 
heavy rainfall, the time when streamflow also peaks. From model calibration, the vegetation 
cover density parameter for simmier (COVDNS) was 45%, while that for winter (COVDNW) 
was about 15%. These parameters were considered when changing vegetation cover density 
for the scenarios. A well-developed woodland (10-15 years old) has conditions close to ftill 
canopy (Dr. Paul Wray, personal communication). This COVDNS parameter was set to 
about 90% for the "woodland scenario." On the other hand also smooth bromegrass has a 
high vegetation cover density (Loyn^han, personal communication), and hence the 
COVDNS parameter for the pasture scenario was also set to 90%. 
The increase in the amount of interception could be related to the change in the type 
of vegetation. From the simulation results, the summer rain interception storage parameter 
(RNSTS) was plotted against the percent loss in precipitation. From this sensitivity analysis 
(Table 4.2) it was possible to plot a graph (Figure 4.3) relating the RNSTS interception 
parameter with the aimual "percent precipitation loss" due to rainfall interception which 
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showed that the RNSTS parameter varies with percent interception in a logarithmic curve. 
From these resiilts it Avas evident that the variation of the RNSTS parameter represents 
change in vegetation regime. 
Values of RNSTS for woodlands were estimated fix)m the average RNSTS value for 
forests in Oregon (Allen and Laenen, 1994), a value of about 0.5. This value may not be 
accurate in view of the fact that the model has not been calibrated for woodlands in Iowa. An 
estimate of the RNSTS of smooth bromegrass vegetation was calculated by considering 
ratios of RNSTS values of forests and midgrass (this is a broad category that includes smooth 
bromegrass) from Texas (Tables 4.1 and 4.3). Using a ratio obtained from the Texas studies 
an estimate of (26/46 x 0.5) which equals to about 0.28 was set as the RNSTS value for 
smooth bromegrass surface cover. 
Scenario 1: Replacement of row-crops with woodland 
Tree cover is a major component in the CRP program. In this study the advantage of 
woodland vegetation would be to curtail runoff peaks, which are responsible for floods. 
HRUs with slopes higher than 4% (Table 4.4) in the Four-Mile Creek were selected for 
conversion to woodland within the model. This is the range of slope typically selected for 
CRP lands (P. Wray, personal communication). This scenario was represented in the model 
with an RNSTS parameter of 0.5. Results of simulation indicate that under these estimated 
parameters annual total streamflow would reduce by about 51%, while annual surface runoff 
would be reduced by 64% (Figure 4.4). Individual daily streamflow rates would also be 
affected (Figure 4.5) by varying degree depending on how close the day is to a previous 
rainfall event. This reduction is a result of several factors. Most important the forest canopy 
delays the rainfall intensity on surface and results in less surface runoff. With more water 
proceeding to the groundwater storage reservoir, the immediate release to channel flow is 
delayed. With deeper roots and biomass the trees transpire more. At the same time a higher 
storage factor in the canopy results in more precipitation losses to evaporation 
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Scenario 2: Partial replacement of row-crops with smooth bromegrass 
It was noted that some of the lower areas of the watershed have higher slopes than the 
average slope of most HRUs. These areas are vulnerable to excessively high soil erosion. 
One way to control this problem is to convert highly erodible land into pasture. If row-crops 
in the steep HRUs were replaced by pasture, it could be assumed that the vegetation regime 
represented would be smooth bromegrass, a perennial grass whose interception would cause 
an aimual precipitation loss higher than that by row-crops. In the hydrologic model a value 
of 0.28 was set as for the RNSTS parameter. HRUs whose slopes are higher than 4% (Table 
4.4) had the RNSTS parameter adjusted to this value to represent this scenario. Results from 
this simulation show that a change of vegetation to pasture under the assumed parameters 
would cause a reduction in annual streantiflow of about 3% (Figure 4.4) as well as a reduction 
in daily streamflow (Figure 4.6). Despite the small reduction in total annual flow the surface 
runoff is reduced by 45%. But smooth bromegrass has more shallow roots than row-crops 
(Loynagan, personal conununication) and has less transpiration losses. More rainfall is 
intercepted in summer, however because of percent vegetation cover density, which results 
from the fact that bromegrass is perennial whereas row-crops are annual. 
Analysis of Results 
Results from the simulation were then visualized. Results of the two scenarios were 
compared to the baseline (row-crops). The values shown in Figures 4.5 and 4.6 were 
represented as "stream thickness" symbols in a line-coverage representing simulated 
streamflow for each day of the year. The thicknesses were defined over a range, with the 
thinnest "line thickness" representing 0.0 to 0.075 mVs streamflow range, and the thickest 
"line thickness" representing values of streamflow greater than 4.8 mVs. 
Figure 4.7 shows the combined visualization frames in ArcView. When the 
"visualization movie" was played, several things were noted. In the days when there were 
rainfall events, the differences in streamflow values between different scenarios were clear, 
and displayed the impacts of covering the watershed with different vegetation types. The 
display of the results simulated for different scenarios are helpful because of the potential 
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multi-disciplinaiy nature of the water resource management decision-makers. The role of 
GIS and visualization in providing insights was helpful in this study. 
SUMMARY AND CONCLUSIONS 
The counteracting of conservation and agricultural forces in the policy arena hold the 
key as to whether to convert land from cropland to forest or pasture. Public reaction to the 
loss of topsoil from erosion resulted in creation of the conservation reserve program (CRP) 
which encourages farmers with steep-sloping land to convert their lands to forest or pasture 
for a period of 10 to 15 years. The conversion of these lands have different impacts on the 
hydrology of £^cultural watersheds. Decision-makers have to examine the costs and 
benefits of this program. 
As the benefits and costs of this issue are analyzed, decision-makers have to strike a 
balance between those wishing to preserve cropland and those wishing to control water loss 
and erosion. The decision-making process for sustainable planning and management of 
water resources involves different phases, which can be enhanced by simulation facilitated by 
information technology. Once problem identification and analysis is done, it is important to 
formxilate alternative management strategies. This helps the decision-makers to make 
appropriate recommendations. 
This research explored several alternative management options available to decision­
makers involved in agricultural watershed management. The implications of changing land 
management in an east central Iowa watershed were examined. The impacts of different land 
management strategies on watershed hydrology were examined. The scenarios portrayed the 
impact of vegetation cover change on streamflow. It was observed that changing the 
vegetation cover from row-crop to pasture or forest would reduce the total annual streamflow 
in the watershed by altering rainfall interception, surface runoff, on-site water storage, and 
water consumption by vegetation. 
The overall goal was to improve the level of understanding of a phenomenon by 
allowing scientists and decision-makers to develop more depth in a examining a water 
resource question so as to make more informed decisions. From the study it was realized that 
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partial conversion of watershed from row-crops to forest could reduce annual streamflow by 
51 %. The partial conversion of the watershed from row-crops to mid-grass pasture (smooth 
bromegrass) could reduce annnal streamflow by only 3%. However more of the streamflow 
would emerge from the subsurface rather than as a result of surface runoff. The reduced 
surface runoff in both cases would reduce the chances of surface, gully, or rill erosion. 
Computer graphics facilitated the creation of images as well as animation sequences 
of simulation results. The results from the study could enable decision-makers to consider 
alternative management strategies, rather than mimicking tailor-made recommendations. 
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Table 4.1 Interception Values for Vegetation Types 
Land management % Annual Precipitation Interception Literature source 
Bromegrass 26% Thurow(1987) 
Oak Forest w/Litter 46% Thurow(1987) 
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Table 42. Table of RNSTS versus Percent Annual Precipitation Loss 
RNSTS (in) Percent Loss 
0.050 9% 
0.075 13% 
0.100 16% 
0.125 18% 
0.150 21% 
0.175 23% 
0.200 24% 
0.225 26% 
0.250 28% 
0.275 29% 
0.300 30% 
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Table 4.3. RNSTS Parameters Representing Scenarios 
Scenario % Interception RNSTS Parameter 
Cropland 15 0.100 
Pasture 26 0.280 
Woodland 46 0.500 
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Table 4.4 Scenario Application by HRU 
HRU RAINGAGE MEAN-WEIGHTED-% HRU-AREA CRP 
SLOPE (Hectares) (Slope <4%) 
1 4 8.05 771 Y 
2 4 7.63 89 Y 
3 5 8.10 364 Y 
4 4 9.98 236 Y 
5 5 12.77 55 Y 
6 3 5.91 267 Y 
7 5 8.42 300 Y 
8 3 7.02 68 Y 
9 3 5.38 72 Y 
10 3 4.14 41 Y 
11 3 4.02 11 Y 
12 3 3.50 5 
13 3 3.50 7 
14 3 8.35 83 Y 
15 3 5.27 123 Y 
16 2 9.88 626 Y 
17 5 7.43 34 Y 
18 2 7.50 167 Y 
19 2 3.69 553 
20 1 5.70 591 Y 
21 1 3.12 312 
22 1 2.56 306 
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Soil Infiltration Rate 
A 
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High Intensity Rain 
Low Intensity Rain 
Time (s) 
Figure 4.1 Comparison of Rainfall Intensity, Soil Infiltration and Ponding 
(After Cuenca, 1989) 
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Fig 4.2 Scenario Visualization: Schematic Diagram 
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Figure 4.3 Percent Precipitation Loss vs Summer Rain 
Interception Storage Parameter RNSTS 
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Figure 4.4 Scenarios; Comparison of Percent Reduction 
of Predicted Streamflow and Surface Rimoff 
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Figure 4.5 Traer Gage Scenario 1: Comparison of Streamflows Before and After 
Replacement of Row Crops with Woodland 
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Figure 4.6 Traer Gage Scenario 2: Comparison of Streamflows Before and After 
Replacement of Row Crops with Pasture 
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CHAPTERS 
GENERAL SUMMARY 
Water resource planning for agricultural watersheds is of primary importance, 
particularly in cases where change in land management affects hydrology. The scope of this 
research was to develop a set of procedures to assist the decision-making process in 
agricultural watershed management. Major components of the study involved the modeling 
of the hydrology of an agricultural watershed, the enhancement of the presentation of 
simulated hydrology results to decision-makers, and the exploration of alternative 
management options in an agricultural watershed. Streamflow was considered as a major 
indicator of a watershed's hydrology. 
This study tapped GIS technology in hydrologic modeling and enhancement of the 
presentation process of hydrologic modeling results across time and space. The 
Precipitation-Rimoff Modeling System (PRMS) was used to simulate the surface hydrology 
of forest and grasslands environments. This project represents the first time the performance 
of PRMS has been evaluated with regard to the simulation of the hydrology of an agricultural 
watershed in east-central Iowa. For the first time also a surface hydrology simulation using a 
distributed-parameter model was done for Four-Mile Creek watershed. GIS was used as a 
critical tool to generate, organize and summarize input data for modeling. In the application 
of PRMS a new technique for data input via ANNIE was devised. This significantly reduced 
the time required for data input, and facilitated the data entry process. 
The overall objectives of this research were to: (1) evaluate the performance of a 
widely used distributed-parameter hydrologic model to predict the daily runoff of an 
agricultural watershed, (2) develop techniques to visualize and enhance understanding and 
presentation of modeling results, and (3) examine the effectiveness of alternative watershed 
management practices through the use of a simulation model and visualization. The project 
applied the a widely used hydrologic modeling system. Geographic information systems 
(GIS) played a critical role in the visual display of simulation results. 
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To achieve the first major objective, several critical issues were tackled. The study 
made it possible to adapt a widely used distributed parameter model to simulate the surface 
hydrology for an agricultural watershed. The study also developed a new way to implement 
the process of data input into PRMS. Previously, it was necessary to have the data in 
WATSTORE format in order to get the model to run. In this study a technique where data 
were entered by editing the export file was developed. The export file was then imported 
back to ANNIE and was ready for input to the model. This development allowed for a more 
efficient process of data entry. The study also developed new ways of organizing input data 
by GIS techniques. After accomplishing this technical step, the performance of PRMS in the 
setting of an agricultural watershed was then evaluated. 
To achieve the second objective, appropriate formats were developed to export results 
of the simulation to a GIS, which were then visualized. In their study of the 1993 Mississippi 
floods. White et al. (1996) defined the future direction for the application of visualization 
techniques in water resource management. Foremost is the development of a series of maps 
available to the public in an amenable form. They also defined another crucial step to be the 
development of dynamic representation of temporal data through the use of geographic 
visualization procedures. Finally, White et al. (1996) insisted on the applicability of the 
methodology to address various problems. The visualization of daily streamflow used 
included an animated display of streamflow rate. The study also developed new procedures 
to move the visual imj^ery from ARC/INFO GIS to the more powerful Silicon Graphics Inc. 
The final product should enable decision-mzikers to examine simulation results from surface 
hydrologic modeling. Thus, it was possible to represent hydrologic simulation results from 
real input data in a visualization environment, by application of animation. 
To address the third objective, impacts of scenarios representing different types of 
vegetation cover in an agricultural watershed were examined. Parameters were adjusted to 
represent different vegetation regimes. This was followed by hydrologic modeling using 
PRMS. A regime of row-crops (com and soybeans) was set as the baseline for the study. 
The alternative scenarios examined considered the replacement of row-crops with either a 
woodland or a grassland. Daily streamflow values obtained for each scenario were 
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represented in a GIS and displayed in a Silicon Graphics platform. An animation of 
streamflow rate for the time range of one year was used to compare the relative impzicts of 
the scenarios. 
The study utilized the GIS technology, which enabled the creation of a 2.5-D 
perspective images derived from elevation data of the watershed, and then overlaying 
variables (physical parameters) derived from a hydrologic modeling. The GIS simimarized 
and organized input variables that were required by the Precipitation and Runoff Modeling 
System (PRMS). And whereas visualization does not and cannot solve problems related to 
water resources modeling, it helps to enhance understanding of the processes and assists 
decision-makers in examining alternate scenarios. The study used visual display as a form of 
communication which is universal, and which has the ability to form an abstraction of the 
real world into a graphical representation that is comprehensible to a wide range of people 
(Loh et al. 1992). The goal was to provide additional insights to results, which otherwise 
would have had to be displayed as numbers or graphs. 
Several things accomplished in this study are: 
a) Evaluation of the performance of the widely used PRMS distributed 
parameter hydrologic model to simulate surface hydrology for an agricultural 
watershed in Iowa. 
b) Application of a distributed parameter model to model streamflow of an 
agricultural watershed. 
c) Investigation and development of procedures using GIS as a means to 
enhance the transfer and presentation of hydrologic simulation data. 
d) Examination and display of the impacts of alternative land management 
scenarios on an agricultural watershed. 
Recommendatioiis for Future Studies 
After this study, the next logical step for future work would be to develop or achieve 
a complete integration of the hydrologic modeling system, the GIS, and the visualization 
environment. A most important, practical step would be to adapt the hydrologic modeling 
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system to run on the same platform as both the GIS and the visualization environment One 
way to achieve this would involve the development of a set of procedures that would create a 
graphic user interface (GUI) to manage both the GIS, and the modeling system on the same 
platform. One way do this would be to move all GIS work from ARC/INFO to ARCVIEW. 
and to develop a set of programs in AVENUE code to manage the GUI. With this in place, it 
would not be difficult to link the GUI to the visualization system on the same platform. It 
should be noted however that previously Silicon Graphics workstations have been fairly 
expensive. Continuing industrial development and research chums out more powerfiil and 
affordable systems, and the achievement of such an integrated environment is within reach in 
the near future. 
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APPENDIX 1 
MATHEMATICAL EQUATIONS AND TERMS USED IN PRMS 
SoU Moisture Accounting: 
Soil moisture accounting is performed as an algebraic summation of all moisture 
accretions and depletions from the active soil profile. Depletions include 
evapotranspiration and recharge to the subsurface and groundwater reservoirs. Accretions 
are rainfall and snowmelt infiltration. The active soil is divided to two layers, a recharge 
zone and a lower zone. 
Impervious areas: 
In PRMS the impervious areas are treated in two possible ways. If it covers a whole area it 
is treated as a totally impervious HRU. If it is scattered and is of significant area the 
impervious area is then considered as percentage of an otherwise pervious HRU. Input to 
impervious areas is computed as total precipitation, and the impervious area is assigned a 
maximum retention storage capacity (RETIP). Rimoff is delivered directly to chamiel 
network after RETIP is filled. 
Interception 
Interception of precipitation is computed as a function of the cover density and ston^e 
available for predominant vegetation on HRU. Net precipitation (PTN) is computed by: 
PTN = [PPT * (J - COVDN)J + (PTF * COVDN) 
where: 
PPT= Total precipitation in HRU (inches), 
COVDN = Seasonal cover density, and 
PTF = Precipitation through canopy 
COVDN is defined for simmier and winter. PTF is computed by this eqiiation: 
PTF = PPT- (STOR-XIN) PPT > (STOR -XIN) 
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PTF = 0.0 PPT < (STOR -XIN) 
where STOR is the maximum interception storage depth on vegetation (inches), and XIN is 
the current depth of interception storage. STOR is defined by season and precipitation from 
- winter rain/snow (RNSTW), and summer rain (RNSl'S). 
Intercepted rain is assumed to evaporate at a fiee-water surface rate (EVCAN). If pan-
evaporation data are used, then EVCAN equals the pan. If potential evapotranspiration {PET) 
is computed from meteorological variables, EVCAN is computed by: 
EVCAN = PET/EVC (MO) 
where EVC is the evapotranspiration-pan coef5cient for month MO. Sublimation of 
intercepted snow (SUBCAN) is assimied to occur at a rate that is expresses as a percentage 
(CTW) of the PET. Actual daily loss from interception (XINLOS) is equal to the smaller 
values of storage XIN or loss rates, EVCAN or SUBCAN. If XIN is not depleted in 1 day, the 
remainder is carried over the next day. XINLOS, as computed above, represents loss from the 
percentage of HRU area expressed in the cover density parameters COVDNS or COVDNW. 
XINLOS is adjusted to represent an HRU average value when computing water balance. 
Evapotranspiration: 
Daily estimates of potential evaporation {PET) are computed by three available computation 
procedures. The first one uses pan-evaporation data. PET (inches/day) is computed by: 
PET = EPAN * EVC (MO) 
where: 
EPAN is daily pan-evaporation loss (inches); and 
EVC is a monthly pan adjustment coefficient for month MO. 
The second procedure computes PET as a function of daily mean air temperature and 
possible hours of sunshine (Hamon, 1961). PET (inches/day) is computed by: 
PET = CTS (MO) * DYL2 *VDSAT 
where: 
CIS is a coefficient for month MO; 
DYL is possible hours of sunshine, in units of 12 hours. 
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VDSAT is the saturated water-vapor density (absolute-humidity) at the 
daily mean air temperature in grams per cubic meter (g/m^). 
The third procedure is one developed by Jensen and Haise (1963). PET (in/d) is computed 
by: 
PET = CTS(MO) *(TAVF- CTX) • RIN 
where: 
CTS is a coefficient of the month MO, 
TA VF is the daily mean air temperature 
CTX is a coefficient, and 
RIN is the daily solar radiation expressed in inches of evaporation 
potential. 
Infiltration: 
Computations vary depending on time interval and on precipitation 
a) For daily rainfall occurring on a snow free HRU, it is computed as the difference 
between net rainfall and streamflow. 
b) For snowmelt, is assumed unlimiting until soil reaches field capacity. After that 
any excess snowmelt becomes runoff. 
c) Rain on snow is treated as snow melt, but once snow pack is depleted both snow 
melt and rain are treated as rain. 
d) Storm mode computations are made only for rainfall and only when basin is snow 
free. 
Runoff 
Runoff is calculated in two different modes: (a) daily mean streamflow and (b) streamflow 
for storms. 
Daily mode: Rimoff from snowmelt is calculated only on daily basis, and is assumed to 
occur after achieving Field Capacity. For impervious areas runoff occurs after maximum 
retention storage is achieved. Runoff on pervious snow free HRU is computed using a 
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contributing area concept (Dickinson and Whiteley, 1970). The percent of an HRU 
contributing to surface runoff can be computed as either a linear or a nonlinear fimction of 
antecedent soil moisture and rainfall amount The contributing area (CAP) is expressed as a 
decimal fraction of the total HRU area. The non-linear scheme (used in the simulation) uses 
a moisture index (SMDX) similar to that developed by Dickinson and Whiteley (1970). CAP 
CAP = SCN • 10"< '^ * 
where 
SCN and SCI are coefiBcients, 
SMIDX is the smn of the current available water in the soil zone (SMAV) plus a 
half of the daily net-precipitation (PTN) 
A maximum CAP is specified using the variable SCX. Surface runoff (SRO) is then 
computed using the equation: 
SRO = CAP • PTN 
where 
PTN is the daily net precipitation in inches. 
Subsurface flow 
Subsurface flow occurs when soil water in excess of field capacity moves from the 
unsaturated zone to the stream channel. It is computed using a reservoir routing system: 
RAS = INFLOW -d(RES)/dt (Continuity mass equation) 
RES = Storage volume in Subsiuface reservoir (in.) 
RAS = Rate of outflow from subsurface reservoir (in/Dt) 
INFLOW = Rate of inflow to the subsurface reservoir (in/Dt) 
The difference between soil water excess and recharge rate is the subsurface reservoir flow. 
The subsurface reservoir is not specified for a particular HRU. 
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Groundwater: 
The groundwater system is conceptualized as a linear reservoir that receives recharge from 
the soil zone and a subsurface reservoir, and is the source of all base flow (BAS). Movement 
to a groundwater reservoir from a subsurface reservoir {GAD) is computed as: 
GAD = RESEP * (RES/RESMX)R^ 
where 
RSEP = daily recharge coefBcient, RES = current storage in the subsurface reservoir 
(in) 
RESMX and REXP are coefi5cients used to define routing characteristics. 
Base flow is expressed in acre-inches; 
BAS = RGB * GW 
where: 
RGB = reservoir routing coefficient; 
GW = Groundwater reservoir storage (acre-in). 
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STREAMFLOW: OBSERVED AND SIMULATED DATA (m^/s) 
(Contd.) 
1978 1979 1980 
Date Observed Predicted Observed Predicted Observed Predicted 
2m 0.05 0.12 0.11 0.05 322 0.82 
inA 0.05 0.12 0.12 0.05 0.76 0.59 
2115 0.05 0.12 0.11 0.05 026 0.43 
2/26 0.05 0.12 0.11 0.05 0.06 0.48 
2/27 0.05 0.12 O.ll 0.05 0.07 0.50 
2/28 0.05 0.11 0.12 0.05 0.18 0.37 
2/29/ N/A N/A N/A N/A 0.18 032 
3/1 0.05 0.11 0.12 0.05 0.17 029 
3/2 0.05 0.11 0.13 0.05 0.17 023 
3/3 0.05 0.11 0.13 0.05 0.16 0.18 
3/4 0.05 0.11 0.17 037 0.18 0.15 
3/5 0.05 O.ll 1.12 1.71 0.16 0.13 
3/6 0.05 0.11 4J4 2.59 0.14 034 
3/7 0.05 0.11 2.96 3.05 0.10 0.47 
3/8 0.05 0.11 1.58 2.75 0.11 035 
3/9 0.05 0.11 0.85 1.71 0.12 027 
3/10 0.05 0.11 0.65 1.11 0.12 022 
3/11 0.06 0.11 0.48 0.77 0.45 0.34 
3/12 0.06 0.11 0.51 0.55 2.51 0.66 
3/13 0.07 0.11 0.54 0.41 0.88 0.69 
3/14 0.08 0.11 2.26 0.32 0.40 0.50 
3/15 0.08 0.11 5.92 0.91 021 0.40 
3/16 0.10 o.ll 4.14 1.66 1.41 038 
3/17 0.48 0.11 4.09 1.52 7.13 0.56 
3/18 2.09 0.52 8.00 1.07 1.94 0.62 
3/19 1.55 0.94 28.97 123 0.51 0.46 
3/20 3.38 1.06 9.75 125 0.37 034 
3/21 3.66 1.25 1.60 0.85 0.34 027 
3/22 225 1.32 1.05 0.61 0.31 021 
3/23 1.52 1.49 0.93 0.45 025 0.17 
3/24 0.99 1.65 2.62 1.10 023 0.15 
3/25 0.48 1.40 0.76 2.57 023 0.13 
3/26 0.37 1.02 1.18 2.49 022 0.11 
3/27 0.37 0.77 0.88 1.53 0.19 0.10 
3/28 0.45 0.60 0.71 1.02 0.15 0.09 
3/29 0.48 0.49 1.52 1.62 0.15 0.08 
3/30 0.42 0.40 8.37 2.58 0.15 0.08 
3/31 0.39 0.34 5.08 2.16 0.16 0.07 
4/1 0.42 0.30 1.58 1.36 0.17 0.07 
4/2 0.34 0.26 1.15 2.66 0.16 0.40 
4/3 0.28 023 1.05 3.10 0.16 0.61 
4/4 026 021 1.02 1.83 025 0.45 
4/5 025 020 1.02 1.18 0.45 0.99 
4/6 0.51 0.36 1.02 0.81 0.59 1.27 
4/7 1.10 0.44 1.75 0.58 0.42 0.86 
4/8 0.51 037 0.74 0.43 0.37 0.61 
4/9 0.31 0.32 0.71 0.33 0.34 0.45 
4/10 0.59 0.71 0.59 026 0.31 034 
4/11 1J8 0.94 0.57 021 0.31 027 
4/12 0.79 0.72 0.54 0.17 0.31 021 
4/13 0.59 0.57 0.68 0.14 026 0.17 
4/14 0.42 0.46 0.62 0.12 025 0.15 
4/15 037 0.39 0.57 0.11 028 0.12 
4/16 0.34 0.33 0.54 0.10 024 0.11 
4/17 0.28 0.29 0.51 0.09 0.22 0.10 
4/18 0.96 2.72 0.48 0.08 020 0.09 
4/19 5.24 5.31 0.45 0.08 0.19 0.08 
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STREAMFLOW: OBSERVED AND SIMULATED DATA (m^/s) 
(Contd.) 
1978 1979 1980 
Date Observed Predicted Observed Predicted Observed Predicted 
4/20 1.83 3.93 0.71 030 0.19 0.08 
4/21 1.44 238 4.57 532 0.16 0.07 
4/22 1.21 1.59 2.43 6.96 020 0.07 
4/23 1.04 1.14 1.43 3.40 0.17 0.07 
4/24 1.04 0.85 1.15 1.97 0.16 0.07 
4/25 0.82 0.66 1.02 126 0.16 0.07 
4/26 0.68 0.53 1.09 139 0.15 0.06 
4/27 0.59 0.44 138 138 0.15 0.06 
4/28 0.51 037 1.12 0.93 0.15 0.06 
4/29 0.51 032 0.99 0.66 0.14 0.06 
4/30 0.48 028 0.96 0.48 0.14 0.06 
5/1 0.45 025 0.85 036 0.14 0.06 
5/2 0.42 022 0.82 028 0.14 0.06 
5/3 039 021 129 235 0.14 0.06 
5/4 037 0.19 1.72 339 0.13 0.06 
5/5 0.34 0.18 129 1.97 0.13 0.06 
5/6 034 0.17 1.18 126 0.13 0.06 
5/7 031 0.17 1.07 0.86 0.12 0.06 
5/8 039 0.18 0.99 0.61 0.12 0.06 
5/9 0.42 0.16 0.99 0.54 0.12 0.06 
5/10 039 0.15 0.91 0.48 0.12 0.06 
5/11 037 0.15 0.74 0.55 0.11 0.06 
5/12 034 0.15 0.68 0.56 0.12 0.06 
5/13 034 0.16 0.65 0.42 0.12 0.06 
5/14 1.24 0.75 0.62 032 0.11 0.06 
5/15 0.90 1.14 0.57 025 0.11 0.06 
5/16 0.73 0.85 0.57 026 0.10 0.06 
5/17 0.65 0.66 0.54 025 0.10 0.06 
5/18 0.56 0.52 0.54 020 0.10 0.06 
5/19 0.51 0.43 0.51 0.45 0.11 0.07 
5/20 0.48 036 0.54 0.59 0.12 0.06 
5/21 0.45 031 0.48 0.44 0.12 0.06 
5/22 0.42 027 0.45 034 0.11 0.06 
5/23 039 024 0.45 026 0.10 0.06 
5/24 039 022 0.42 021 0.10 0.06 
5/25 037 020 0.42 0.18 0.10 0.06 
5/26 0.34 0.19 0.40 0.15 0.10 0.06 
5/27 034 0.17 0.42 032 0.09 0.06 
5/28 0.73 0.73 0.40 0.42 0.09 0.06 
5/29 0.65 1.09 037 032 0.59 0.20 
5/30 0.45 0.82 0.40 0.50 028 027 
5/31 039 0.63 037 0.61 7.05 428 
6/1 037 0.80 037 0.46 338 7.73 
6/2 0.68 0.89 034 035 1.41 4.92 
6/3 031 0.69 034 028 0.85 2.66 
6/4 028 0.55 0.34 022 6.77 6.85 
6/5 0.25 0.45 0.45 0.92 220 7.45 
6/6 022 037 0.42 1.32 1.12 3.57 
6/7 020 032 034 0.90 0.82 2.05 
6/8 0.19 028 034 0.64 0.71 1.50 
6/9 0.16 025 0.34 0.51 121 138 
6/10 0.14 022 0.42 1.77 0.62 1.10 
6/11 0.12 020 0.45 237 0.54 0.76 
6/12 0.11 0.19 0.40 1.47 0.48 0.55 
6/13 0.09 0.18 3.66 6.62 0.45 0.41 
6/14 0.06 0.17 3.77 7.84 0.42 031 
6/15 0.05 0.17 0.88 3.71 0.45 1.51 
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STREAMFLOW: OBSERVED AND SIMULATED DATA (m^/s) 
(Contd.) 
1978 1979 1980 
Date Observed Predicted Observed Predicted Observed Predicted 
10/8 023 0.10 0.07 0.07 0.03 0.06 
10/9 0^ 0.09 0.06 0.07 0.03 0.06 
10/10 0^ 0.10 0.06 0.07 0.03 0.06 
10/11 037 0.09 0.06 0.07 0.03 0.06 
10/12 034 0.09 0.07 0.07 0.03 0.06 
10/13 0.31 0.09 0.07 0.07 0.03 0.06 
10/14 021 0.09 0.06 0.07 0.03 0.06 
10/15 026 0.09 0.06 0.07 0.03 0.06 
10/16 026 0.09 0.07 0.07 0.04 0.06 
10/17 02A 0.08 0.06 0.07 0.04 0.06 
10/18 023 0.08 0.11 0.07 0.04 0.07 
10/19 022 0.08 0.07 038 0.04 0.06 
10/20 021 0.08 0.15 0.56 0.05 0.06 
10/21 021 0.08 0.10 0.42 0.04 0.06 
10/22 021 0.08 0.08 0.44 0.04 0.06 
10/23 020 0.08 1.97 622 0.03 0.06 
10/24 0.19 0.08 1.12 7.96 0.03 0.06 
10/25 0.19 0.08 0.74 3.74 0.03 0.17 
10/26 020 0.08 0.54 2.13 0.13 0.64 
10/27 0.17 0.08 0.42 135 0.08 0.84 
10/28 0.17 0.08 037 0.91 0.07 0.60 
10/29 0.17 0.08 031 0.65 0.07 0.44 
10/30 0.17 0.08 027 0.47 0.06 033 
10/31 0.17 0.08 025 036 0.06 026 
11/1 0.16 0.08 028 0.74 0.06 021 
11/2 0.16 0.08 031 0.94 0.09 0.17 
11/3 0.16 0.08 027 0.67 0.05 0.14 
11/4 0.16 0.08 025 0.49 0.05 0.12 
11/5 0.16 0.08 024 037 0.05 0.11 
11/6 0.16 0.08 024 0.97 0.05 0.09 
11/7 0.15 0.08 031 1.30 0.05 0.09 
11/8 0.15 0.08 031 0.88 0.05 0.08 
11/9 0.15 0.07 028 0.63 0.05 0.07 
11/10 0.15 0.07 026 0.46 0.05 0.07 
11/11 0.14 0.07 023 035 0.04 0.07 
11/12 0.13 0.07 022 028 0.04 0.07 
11/13 0.15 022 0.22 022 0.04 0.06 
11/14 0.76 025 021 0.18 0.04 0.06 
11/15 0.56 021 020 0.15 0.05 0.06 
11/16 0.42 0.18 020 0.13 0.06 0.09 
11/17 039 0.19 020 0.12 0.05 O.IO 
11/18 1.44 0.91 020 0.10 0.04 0.09 
11/19 1.04 1.35 0.19 0.10 0.04 0.08 
11/20 0.82 0.96 0.18 0.09 0.04 0.08 
11/21 0.70 0.71 0.18 0.08 0.05 0.07 
11/22 0.56 0.54 022 1.11 0.05 0.07 
11/23 0.54 0.44 037 1.74 0.05 0.07 
11/24 0.51 035 031 1.13 0.05 0.07 
11/25 0.42 029 027 0.78 0.04 0.06 
11/26 0.42 024 025 0.56 0.04 0.06 
11/27 0.42 020 025 0.42 0.04 0.06 
11/28 0.37 0.18 022 035 0.04 0.06 
11/29 037 0.16 021 0.53 0.04 0.06 
11/30 037 0.14 020 0.61 0.04 0.06 
12/1 034 0.13 022 0.45 0.04 0.06 
12/2 034 0.12 0.18 034 0.04 0.06 
12/3 031 0.11 0.19 027 0.03 0.06 
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STREAMFLOW: OBSERVED AND SIMULATED DATA (m^/s) 
(Contd.) 
1978 1979 1980 
Date Observed Predicted Observed Predicted Observed Predicted 
12/4 0J4 O.IO 020 022 0.03 0.06 
12/5 OJl O.IO 0.19 0.18 0.03 0.06 
12/6 0^8 0.09 020 0.15 0.03 0.06 
12/7 Q21 0.09 0.18 0.13 0.05 0.06 
12/8 Q25 0.09 0.18 0.12 0.09 0.06 
12/9 025 0.08 0.15 0.10 0.09 0.06 
12/10 025 0.08 0.18 0.10 0.07 0.12 
12/11 024, 0.08 0.18 0.09 0.06 0.16 
12/12 0^4 0.08 0.17 0.08 0.05 0.13 
12/13 0^4 0.08 0-14 0.08 0.05 0.12 
12/14 0^ 0.08 0.15 0.08 0.04 0.10 
12/15 0J23 0.08 0.14 0.08 0.04 0.09 
12/16 022 0.08 0.16 0.07 0.04 0.08 
12/17 021 0.07 O.IO 0.07 0.04 0.08 
12/18 0.19 0.07 0.11 0.07 0.03 0.07 
12/19 0.21 0.07 0.14 0.07 0.03 0.07 
12)^0 0.19 0.07 0.16 0.07 0.03 0.07 
12/21 0.20 0.07 0.15 0.07 0.02 0.06 
12/22 0.22 0.07 0.15 0.07 0.02 0.06 
12/23 0.17 0.07 0.16 0.13 0.02 0.06 
12/24 0.17 0.07 020 0.54 0.02 0.06 
12/25 0.15 0.07 0.16 0.75 0.02 0.06 
12/26 0.17 0.07 0.14 0.54 0.02 0.06 
12/27 0.16 0.07 0.14 0.41 0.02 0.06 
12/28 0.15 0.07 0.14 0.31 0.02 0.06 
12/29 0.17 0.07 0.13 0J25 0.02 0.06 
12/30 0.15 0.07 0.14 020 0.02 0.06 
12/31 0.15 0.07 0.14 020 0.02 0.06 
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APPENDIX 3 
SCENARIOS: 1978 SIMULATED STREAMFLOW (m^/s) 
Date Row Crops Forest Pasture 
I/l 0.17 O.ll 0.16 
1/2 0.18 0.15 0.16 
1/3 0.17 0.10 0.15 
1/4 0.16 0.09 0.14 
1/5 0.16 0.09 0.14 
1/6 0.16 0.09 0.14 
1/7 0.15 0.09 0.13 
1/8 0.15 0.09 0.13 
1/9 0.15 0.09 0.13 
1/10 0.15 0.09 0.13 
1/11 0.15 0.09 0.13 
1/12 0.15 0.08 0.13 
1/13 0.14 0.08 0.13 
1/14 0.14 0.08 0.13 
1/15 0.14 0.08 0.12 
1/16 0.14 0.08 0.12 
1/17 0.14 0.08 0.12 
1/18 0.14 0.08 0.12 
1/19 0.14 0.08 0.12 
1/20 0.14 0.08 0.12 
1/21 0.14 0.08 0.12 
1/22 0.14 0.08 0.12 
1/23 0.14 0.08 0.12 
1/24 0.14 0.08 0.12 
1/25 0.14 0.08 0.12 
1/26 0.13 0.08 0.12 
1/27 0.13 0.08 0.12 
1/28 0.13 0.08 0.12 
1/29 0.13 0.08 0.12 
1/30 0.13 0.08 0.12 
1/31 0.13 0.08 0.12 
2/1 0.13 0.08 0.12 
2/2 0.13 0.08 0.11 
2/3 0.13 0.08 0.11 
2/4 0.13 0.08 0.11 
2/5 0.13 0.08 0.11 
2/6 0.13 0.07 0.11 
in 0.13 0.07 0.11 
2/8 0.13 0.07 0.11 
2/9 0.13 0.07 0.11 
2/10 0.13 0.07 0.11 
2/11 0.12 0.07 0.11 
2/12 0.12 0.07 0.11 
2/13 0.12 0.07 0.11 
2/14 0.12 0.07 0.11 
2/15 0.12 0.07 0.11 
2/16 0.12 0.07 0.11 
2/17 0.12 0.07 0.11 
2/18 0.12 0.07 0.11 
2/19 0.12 0.07 O.I I 
2/20 0.12 0.07 0.11 
2)^1 0.12 0.07 0.11 
2/22 0.12 0.07 0.11 
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SCENARIOS: 1978 SIMULATED STREAMFLOW (m^/s) (Contd.) 
Date Row Crops Forest Pasture 
4/20 3.93 139 3.70 
4/21 238 0.91 2.17 
4/22 1.59 0.64 1.41 
4/23 1.14 0.50 0.98 
4/24 0.85 037 0.72 
4/25 0.66 029 0.55 
4/26 0.53 024 0.44 
4/27 0.44 021 036 
4/28 0.37 0.18 031 
4/29 032 0.16 027 
4/30 028 0.15 024 
5/1 025 0.14 021 
512 022 0.13 020 
5/3 021 0.12 0.19 
5/4 0.19 0.12 0.18 
5/5 0.18 0.12 0.17 
5/6 0.17 O.Il 0.16 
sn 0.17 0.11 0.16 
5/8 0.18 020 0.17 
5/9 0.16 0.12 0.15 
5/10 0.15 0.11 0.15 
5/11 0.15 0.11 0.15 
5/12 0.15 0.11 0.15 
5/13 0.16 0.19 0.16 
5/14 0.75 0.47 0.43 
5/15 1.14 039 0.59 
5/16 0.85 031 0.46 
5/17 0.66 025 037 
5/18 0.52 022 031 
5/19 0.43 0.19 0.27 
5120 036 0.17 023 
5/21 031 0.15 021 
5122 027 0.14 0.19 
5/23 024 0.14 0.18 
5/24 022 0.13 0.17 
5/25 020 0.12 0.16 
5/26 0.19 0.12 0.16 
5/27 0.17 0.11 0.15 
5/28 0.73 0.43 0.60 
5/29 1.09 0.44 0.87 
5/30 0.82 0.34 0.64 
5/31 0.63 028 0.50 
6/1 0.80 035 0.58 
6/2 0.89 030 0.60 
6/3 0.69 023 0.47 
6/4 0.55 020 038 
6/5 0.45 0.18 031 
6/6 037 0.16 027 
6/7 032 0.15 024 
6/8 028 0.15 021 
6/9 025 0.13 0.19 
6/10 022 0.13 0.18 
6/11 020 0.12 0.17 
6/12 0.19 0.12 0.16 
6/13 0.18 0.12 0.16 
6/14 0.17 0.12 0.15 
6/15 0.17 0.15 0.15 
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SCENARIOS: 1978 SIMULATED STREAMFLOW (m^/s) (Contd.) 
Date Row Crops Forest Pasture 
6/16 0.17 025 0.16 
6/17 0.15 0.11 0.14 
6/18 0.15 0.13 0.14 
6/19 0.14 O.Il 0.14 
6/20 0.14 0.11 0.14 
6/21 0.8S 0.56 0.65 
6/22 1.36 0.45 0.94 
6/23 0.99 035 0.69 
6/24 0.75 029 0.53 
6/25 0.58 024 0.42 
6/26 0.47 020 0.34 
6/27 0J9 0.18 029 
6/28 0J3 0.16 025 
6/29 029 022 023 
6/30 0.25 0.14 020 
7/1 022 0.13 0.18 
7/2 020 0.13 0.17 
7/3 0.19 0.14 0.16 
7/4 0.17 0.12 0.15 
7/5 0.16 0.12 0.15 
7/6 0.16 0.12 0.14 
7/7 0.16 0.17 0.15 
7/8 0.15 0.13 0.14 
7/9 0.14 0.12 0.14 
7/10 0.14 0.13 0.14 
7/11 0.13 0.11 0.13 
7/12 0.13 0.11 0.13 
7/13 0.13 0.13 0.13 
7/14 0.13 0.11 0.13 
7/15 0.13 0.11 0.13 
7/16 0.12 0.11 0.13 
7/17 0.12 0.11 0.13 
7/18 0.13 0.13 0.13 
7/19 0.15 027 0.15 
7/20 0.15 0.16 0.13 
7/21 0.16 0.12 0.13 
7/22 0.81 0.17 0.77 
7/23 2.03 122 1.96 
7/24 0.61 0.39 0.96 
7/25 028 0.23 0.55 
7/26 0.13 0.16 0.41 
7/27 0.13 0.14 029 
7/28 0.13 0.11 0.19 
7/29 0.12 0.10 0.12 
7/30 0.12 0.10 0.12 
7/31 0.12 0.10 0.12 
8/1 0.12 0.10 0.12 
8/2 0.12 0.10 0.12 
8/3 0.12 0.10 0.12 
8/4 0.12 0.10 0.12 
8/5 0.12 0.10 0.12 
8/6 021 O.IO 0.12 
8/7 0.15 0.10 0.12 
8/8 0.11 0.10 0.11 
8/9 0.11 0.10 0.11 
8/10 0.11 O.IO 0.11 
8/11 0.11 0.10 0.11 
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SCENARIOS: 1978 SIMULATED STREAMFLOW (mVs) (Contd.) 
Date Row Crops Forest Pasture 
10/8 0.10 0.08 0.10 
10/9 0.09 0.08 0.10 
10/10 0.10 0.15 0.11 
10/11 0.09 0.08 0.10 
10/12 0.09 0.08 0.09 
10/13 0.09 0.08 0.09 
10/14 0.09 0.08 0.09 
10/15 0.09 0.08 0.09 
10/16 0.09 0.08 0.09 
10/17 0.08 0.08 0.09 
10/18 0.08 0.08 0.09 
10/19 0.08 0.08 0.09 
10/20 0.08 0.08 0-09 
10/21 0.08 0.08 0.09 
10/22 0.08 0.08 0.09 
10/23 0.08 0.09 0.09 
10/24 0.08 0.07 0.09 
10/25 0.08 0.07 0.09 
10/26 0.08 0.07 0.09 
10/27 0.08 0.07 0.09 
10/28 0.08 0.07 0.09 
10/29 0.08 0.07 0.09 
10/30 0.08 0.07 0.09 
10/31 0.08 0.07 0.08 
ll/l 0.08 0.07 0.08 
11/2 0.08 0.07 0.08 
11/3 0.08 0.07 0.08 
11/4 0.08 0.07 0.08 
11/5 0.08 0.07 0.08 
11/6 0.08 0.08 0.08 
11/7 0.08 0.07 0.08 
11/8 0.08 0.07 0.08 
11/9 0.07 0.07 0.08 
11/10 0.07 0.07 0.08 
11/11 0.07 0.07 0.08 
11/12 0.07 0.07 0.08 
11/13 0.22 0.32 025 
11/14 0.25 0.10 0.29 
11/15 021 0.09 023 
11/16 0.18 0.09 0.19 
11/17 0.19 0.14 0.18 
11/18 0.91 0.62 1.38 
11/19 1.35 0.60 1.77 
11/20 0.96 0.44 1.45 
11/21 0.71 0.33 1.49 
11/22 0.54 026 1.00 
11/23 0.44 Q26 0.72 
11/24 0.35 0.18 0.53 
11/25 0.29 0.15 0.41 
11/26 0.24 0.13 0.32 
11/27 0.20 0.12 026 
11/28 0.18 0.11 022 
11/29 0.16 0.10 0.19 
11/30 0.14 0.09 0.16 
12/1 0.13 0.09 0.15 
12y2 0.12 0.09 0.13 
12/3 0.11 0.08 0.12 
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